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ABSTRACT 
 
 Soybean aphids are a major problem to soybean growers worldwide and they 
cause great yield losses. In the United States, soybean aphids can cause yield losses of 
up to 50% especially on susceptible varieties. Yield losses attributed to feeding by 
soybean aphids can be reduced by cultivating resistant soybean varieties. In recent 
years, certain biotypes of soybean aphids that can colonize resistant soybean plants 
have been reported, suggesting the continued need for identification of novel sources of 
aphid resistance to include in plant breeding programs. While gene pyramiding, in which 
certain resistant soybean genotypes carry more than one aphid resistance gene has 
been effectively used to mitigate the problem of virulent aphid biotypes on resistant 
soybean, the molecular mechanisms of increased resistance in soybean genotypes with 
multiple genes is still unknown. Research presented in this dissertation utilized a 
genome-wide association study (GWAS) to identify novel sources of resistance to 
soybean aphids and characterize the genetic architecture of aphid resistance in a 
diverse panel of USDA soybean accessions. Using RNA-seq, the molecular mechanisms 
of increased resistance that results from pyramiding two aphid-resistance genes (Rag1 
and Rag2) in one soybean genotype (Rag1Rag2) were elucidated.  
 
In the GWAS project, we identified significant Single Nucleotide Polymorphisms 
(SNPs) located in genomic regions of four soybean chromosomes that contained 
prospective candidate genes associated with aphid resistance. Two chromosomes have 
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never been reported before. Identification of novel resistance sources allows the 
possibility of using the accessions and SNPs for marker assisted selection in plant 
breeding programs, reducing the time needed to develop resistant soybean genotypes.  
 
Our RNA-seq study revealed that pyramiding the two aphid-resistance genes in 
one soybean genotype resulted in a synergistic effect on resistance to soybean aphids at 
the molecular level. Specifically, there were sets of differentially expressed genes that 
were present in the Rag1Rag2 response but absent in the Rag1-alone or Rag2-alone 
response, indicating activation of different defense pathways in Rag1Rag2 soybean 
genotype compared to genotypes with individual genes. This project allowed the 
identification of aphid-responsive genes that can be targeted in future functional 
genomics studies to validate their role in resistance to soybean aphids.
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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW 
 
Soybean (Glycine max (L.) Merr.) 
Soybean is a leguminous crop of great economic importance worldwide. The 
United States is the leading soybean producer followed by Brazil, Argentina, China and 
India [1]. Soybean is a good source of proteins for human and animal diets [2]. The very 
high nutritive value of soybean (high protein and oil content) makes it a good 
component of meat substitutes in vegetarian diets. Soybean is also used as an oil seed 
crop and feed for livestock and aquaculture [1]. In the United States, soybeans 
contribute about 90% to oil seed production and the rest of the oil seeds such as 
peanuts, sunflower, canola, and flax make up the remaining 10% (Ash, 2012). In 2016, 
soybeans constituted 61% of oilseed worldwide (Soystats 2016). Soybean is also 
processed to produce biofuel [3]. In 2016, soybeans were cultivated on 83.4 million 
acres (33.8 million hectares) in the United States, yielding 4.31 billion bushels and 
contributing 40.94 billion dollars to the economy. Out of the total produced, 2.07 billion 
bushels (47%) of the soybean was exported (SoyStats 2017). Botanists believe that 
soybeans were first domesticated in East Asia (central China), introduced into the 
United States in 1804 and became predominantly important in the South and Midwest 
in the mid-20th century [5] (Encyclopaedia Britannica 2016; EnsemblPlants). This 
multipurpose cash crop has greatly contributed to improvement of farmers’ livelihoods 
worldwide and these benefits are the major driving force behind continued research 
and all other efforts that aim to enhance soybean production.  
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In spite of all the great benefits of soybean, growers face several constraints 
including: unfavorable weather conditions, weeds, variable soil quality, damage by 
pathogens and insect pests such as soybean aphids [2]. All of these challenges lead to 
yield losses, reducing the economic profitability of this wonderful crop.  
 
The Soybean Genome and its Importance to Soybean Researchers 
The genome sequence of soybean cultivar Williams 82 was first published in 
2010 and the second genome assembly released in 2013 [4, 5]. This genome consists of 
20 chromosomes and is estimated to be 1115 megabase pairs (Mbp) [5] 
(EnsemblPlants). Publication of the complete sequence of the soybean genome has 
greatly enhanced soybean breeding and research, and it has also been used as a 
reference for research studies with other legumes (EnsemblPlants). It has also been 
useful for studies involving undomesticated ancestors of soybean [6, 7]. The soybean 
genome has approximately 56,044 predicted protein coding genes, almost twice as 
many compared to the model plant Arabidopsis thaliana, which has approximately 
35,386 protein coding genes [8] (Phytozome). Soybean has undergone two main whole 
genome duplications [5, 9] and most genes are present in more than one copy. The 
soybean genome sequence has been widely used to characterize the genetic basis for 
several traits such as disease resistance, nutritional characteristics and developmental 
features of soybean [9]. In recent years, the soybean genome has been heavily utilized 
in studies related to management of insect pests. The availability of the soybean 
genome has allowed comparison of soybean genotypes that differ in traits of economic 
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importance. For instance, soybean breeders have used the reference genome to identify 
unique genomic regions or markers that can be attributed to specific traits and can be 
used in marker assisted plant breeding. Based on the Williams 82 soybean reference 
genome, Song et al., (2013) [10] developed a high density genotyping array for soybean 
(SoySNP50K). This assay was used to genotype over 19,000 cultivated and wild soybean 
accessions in the USDA Soybean Germplasm Collection, many of which have been used 
to characterize several important agronomic traits of soybean on a genome-wide scale 
[11]. Additionally, many transcriptome studies in soybean have used the soybean 
genome as a reference to map RNA-seq data for agronomic traits such as insect and 
disease resistance, revealing the quantity of RNA that is present in a biological sample at 
a specific time. Overall, the soybean genome is very useful for the advancement of 
research on soybean and other legumes. 
 
Soybean Aphids (Aphis glycines Matsumura) 
Soybean production is vulnerable to major yield losses due to damage by 
pathogens and insect pests. One of the major insect pests of soybean is soybean aphids, 
Aphis glycines Matsumura. Soybean aphids are small, greenish-yellow or light green 
pear-shaped insects, that are about 1/16 of an inch long, have red eyes and a pair of 
dark cornicles at the end of the abdomen [12]. In North America and several other parts 
of the world, soybean aphids are invasive pests. Native to East Asia, soybean aphids 
were first discovered in North America in July 2000 [12, 13]. By 2004, they had spread to 
20 US states and three Canadian provinces [13, 14], and in 2009, soybean aphids had 
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colonized 30 US states [15]. Soybean aphids have a heterecious holocyclic life cycle, and 
they use buckthorn (Rhamnus spp) as their primary hosts in North America and soybean 
as their secondary host [13, 15, 16]. Soybean aphids have both wingless (apterous) and 
winged forms, and it is the winged form that migrates from one host to another 
between growing seasons. In the late fall season, senescence of soybean causes aphids 
to develop sexual morphs which emigrate back to the primary host to complete their life 
cycle by overwintering as eggs [13]. Soybean aphids are very prolific and mostly 
reproduce asexually by parthenogenesis, giving live birth to nymphs [12]. In conducive 
field conditions and controlled environments such as growth chambers, populations of 
soybean aphids can double in 1.5 days [17]. This high reproductive ability of soybean 
aphids enables them to colonize an entire plant with in a very short time leading to even 
more damage to their host plants.  
 
Soybean aphids are specialized phloem feeders with piercing and sucking mouth 
parts (stylets) [12, 18]. Soybean aphids use the stylet to gently feed on plant assimilates 
like sugars and amino acids from plant phloem sap for their own nutrition and growth at 
the expense of the host plants. Consumption of plant assimilates by soybean aphids can 
lead to yield losses of up to 50% [15, 16, 19] in soybean, especially in aphid-susceptible 
varieties. Damage due to feeding by soybean aphids results in shortened plant height, 
curling and yellowing of leaves, leaf abscission, development of sooty mold and reduced 
pod and seed set [12, 19]; all of these contribute to yield losses. Soybean aphids are also 
vectors of plant viruses like the soybean mosaic virus and Alfalfa mosaic virus [15, 20, 
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21]. Therefore, soybean aphid infestation is a serious limitation to soybean production 
and presents a challenge to  integrated pest management (IPM) [13].  
 
Management of Soybean Aphids 
Management of soybean aphids involves use of seed treatments, scouting of 
fields, spraying with pesticides, biocontrol and host plant resistance [15, 22]. Scouting 
involves monitoring the progression of aphid populations and applying control measures 
like spraying with pesticides when the economic threshold of 250 aphids per plant has 
been reached [15]. Soybean aphids have many natural enemies that can be used in 
biocontrol such as lady beetles (Coccinella septempunctata), parasitoid wasps 
(Lysephlebus testaceipes), lacewings (Chrysoperla carnea) and insidious flower bug 
(Orius insidiosus) [23-25]. One very effective management strategy of soybean aphids is 
cultivation of resistant soybean varieties. The type of resistance can be antibiosis 
(adverse effect on insect biology), antixenosis (non-host preference) and tolerance 
(similar yield in presence or absence of the insect pest) [20, 26-28]. Aphid resistance in 
soybean is conferred by Resistance to Aphis glycines (Rag) genes. In the United States, 
eight Rag genes have been reported to date (Rag1, rag1b, rag1c, Rag2, Rag3, rag3, rag4 
and Rag5) [29], three of these (rag1b, rag3 and Rag5 ) are still provisional. Rag1 was the 
first resistance gene to be identified in the soybean cultivars Dowling [20, 30] and 
Jackson [31]. Rag2 was identified in two plant introductions PI 243540 [32] and PI 
200538 [33]. Rag3 and rag4 were identified in PI 567541B and PI 567543C [34, 35] and 
the Rag5 gene was identified in PI 567301B [36]. Rag1, Rag2 and Rag3 are located on 
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soybean chromosomes 7, 13, 16 respectively while rag4, Rag5 are both located on 
chromosome 13 [29, 35-39]. The type of aphid resistance varies for each of the Rag 
genes, for instance Rag1 and Rag2 both primarily confer antibiosis while Rag3 primarily 
has antixenosis [29]. Aphids feeding on soybean genotypes with antibiosis have 
significantly reduced fecundity, decreased life expectancy and higher mortality [40], 
likely because aphids are receiving inadequate nourishment, or due to indigestion of 
toxic compounds [40]. Feeding behavior of soybean aphids has been shown to differ 
between resistant and susceptible soybean plants. Electrical penetration graph (EPG) 
studies have reported that during a 9 hour period of feeding, the average time needed 
for the stylet to reach the first sieve element was less (approximately 3.5 hours) in the 
susceptible genotype but longer (approximately 7.5 hours) in resistant genotypes [41, 
42]. The total duration in the sieve tube elements was longer than one hour in the 
susceptible genotype but only 2 to 7 minutes in resistant genotypes [41]. While 
ingesting phloem sap, the duration was also less in resistant plants compared to 
susceptible plants and fewer aphids reached the sieve tube elements in resistant plants 
[43]. Although the effect of some Rag genes has been studied both at the phenotypic 
and molecular levels, more research is necessary to understand the mechanisms by 
which Rag genes confer aphid resistance in soybean. 
 
Soybean Aphid Biotypes  
In general, insect biotypes are defined as insects that have close morphological 
resemblance and can only be distinguished from each other based on their preference 
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or ability to survive on different host plants [44]. Although the biotype concept has been 
used in general terms, it has been specifically utilized to describe the ability of insects to 
colonize host genotypes with resistance genes [45]. To date, four biotypes of soybean 
aphids have been reported based on their ability to colonize aphid-resistant genotypes 
that carry specific resistance genes. Biotype 1, the Illinois isolate, is avirulent to all Rag 
genes [20]; biotype 2, the Ohio isolate, is virulent to Rag1 soybean, but not Rag2 [46]; 
biotype 3, the Indiana isolate, is virulent to Rag2 but not Rag1 soybean [47] and biotype 
4, the Wisconsin isolate, is virulent on Rag1, Rag2, the Rag1Rag2 double pyramid [48, 
49]. Prior colonization of virulent aphid biotypes has been shown to facilitate other 
aphid biotypes on both susceptible and resistant soybean, a phenomenon termed 
induced susceptibility [50]. Studies that have examined the distribution of these aphid 
biotypes in North America have proposed factors that could contribute to variability in 
their virulence. These include genetic diversity of soybean aphids, differing 
pathogenicity, abundance of buckthorn, and migratory patterns of aphids across the 
landscape [51]. However, in the United States, the prevalence of virulent soybean aphid 
biotypes is variable in across geographical regions [51]. Therefore, cultivation of aphid-
resistant soybean genotypes in IPM is still an effective management strategy against 
soybean aphids. However, to maximize the benefits of host plant resistance, special 
considerations of the prevalent aphid biotype(s) ought to be made when selecting 
soybean genotypes to cultivate in respective geographical regions.   
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Plant Defense Responses 
Since plants are sessile organisms that cannot escape from attackers such as 
insect pests and pathogens, they respond by induction of defense responses. Plant 
defense responses consist of morphological and biochemical mechanisms, and gene 
expression changes [52-55]. Immediately upon attack, plants employ basal defenses or 
physical defenses or barriers such as trichomes, tough and waxy cuticles but later 
deploy induced defenses [56]. Plants under insect or pathogen attack are able to detect 
certain compounds from their attackers known as elicitors or effectors. Elicitors can be 
proteins present in insect saliva or other compounds that make up their structures such 
as chitin [57]. Recently, Bansal et al., (2014) [58] reported 73 genes that encode putative 
effectors secreted in saliva of soybean aphids. Plants recognize their attackers through 
activation of membrane bound pattern-recognition receptors (PRRs), which are often 
kinases. This recognition process is termed pattern-triggered immunity (PTI), and it has 
been observed in both compatible and incompatible biotic interactions [59, 60]. In 
incompatible plant-pathogen interactions, detection of elicitors triggers the production 
of reactive oxygen species (ROS) such as hydrogen peroxide, leading to crosslinking of 
cell wall structural proteins and programmed cell death or hypersensitive response [61, 
62]. Plant defense responses to many biotic and abiotic stresses largely involves 
phytohormone signaling networks [63] such as jasmonic acid (JA), ethylene (ET), salicylic 
acid (SA) and their derivatives [64-70]. Other phytohormone signaling networks (abscisic 
acid (ABA), gibberellic acid (GA), auxin, and brassinosterioids) [63] also interact with SA, 
JA and ET to fine-tune plant innate immunity [60]. Crosstalk between all phytohormone 
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signaling pathways can result in antagonism or synergism. In Arabidopsis, the 
antagonistic relationship between the JA and SA signaling pathways has been reported 
[71-74] but this JA-SA antagonism has not been observed in soybean [75]. Aphids 
attempt to defeat plant defenses by inflicting minimal damage to plant tissues during 
feeding and secreting effectors in their saliva which counter plant defenses through 
processes such as suppression of phloem occlusion [76-78]. The role of phytohormones 
in the transcriptional response to feeding by soybean aphids has been reported [79, 80] 
although their role in the resistant response against soybean aphids is still not well 
understood. 
  
Plant defense responses differ between susceptible and resistant plants. 
“Resistance (R) gene mediated resistance is a type of molecular surveillance system that 
allows certain genotypes of plants to recognize and deter pests that can overcome non-
host resistance” [56]. Resistance genes encode R proteins [59]. In the presence of 
effectors or Avr proteins, R gene mediated resistance is activated in resistant plants and 
this is known as effector triggered immunity (ETI) [81, 82]. There are eight main classes 
of plant disease resistance genes categorized based on their amino acid motif 
organization and their membrane spanning domains [83]. One of the major classes of R 
genes contain nucleotide-binding site (NBS), leucine rich repeat (LRR) domains in their 
structure [84]. The LRR domain is responsible for the recognition specificity and it is 
present in the majority of the R proteins [83, 85]. One well characterized resistance 
gene is the Mi-1.2 gene in tomato which possesses an NBS-LRR domain and confers 
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resistance against some aphid biotypes [80, 86, 87], whiteflies [88], psyllids [89] and 
nematodes [90]. In relation to soybean aphid resistance, the genomic regions where 
some of the Rag genes have been mapped contain genes with the NBS-LRR domains, 
and these have been proposed as candidates for the Rag genes [91, 92]. Gene 
pyramiding, in which a specific crop genotype contains more than one resistance gene, 
is a very useful strategy that has been utilized in plant breeding to develop more durable 
resistance against a wide range of plant stresses such as insects and pathogens [93]. This 
strategy is useful to overcome breakdown of single dominant R genes in monocultured 
agricultural systems. Pyramiding multiple resistance genes into crops with major R 
genes could also help inhibit the occurrence of new virulent biotypes [92]. In several 
crops, resistance genes have been pyramided to include more than one gene in a 
specific genotype, leading to more effective resistance compared to genotypes that 
contain individual genes [59, 94-103]. In soybean, several pyramid soybean genotypes 
have been developed and they are effective in managing virulent aphid biotypes [94, 
95]. Therefore, gene pyramiding has great potential to combat yield losses in soybean 
compared to single gene genotypes and it is imperative that plant breeders continue to 
utilize this strategy to develop soybean genotypes with more durable resistance to 
soybean aphids. Although the employment of gene pyramiding for effective aphid 
management has been studied at the phenotypic level, to date, no molecular studies 
have explored the effect of gene pyramiding. 
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Transcriptional Response of Resistant Soybean to Feeding by Soybean Aphids 
Previous studies have examined the molecular mechanisms by which Rag genes 
confer aphid resistance. The few studies that have reported the Rag1 transcriptional 
response to soybean aphid feeding reported upregulation of transcripts involved in cell 
wall, plant defense, DNA/RNA, secondary metabolism and signaling [80]. This response 
occurred very early, mostly at the 6 hour time point, while at the later time points (24 or 
168 hours) [79], almost no resistant response was observed even though both studies 
tested Rag1 soybean. In the Rag2 response, transcripts involved in cell wall, secondary 
metabolism, hormone metabolism and stress signaling were upregulated while 
transcripts involved in carbon metabolism and photosynthesis were downregulated. The 
participation of phytohormones predominantly JA and SA in the molecular response of 
Rag1 or Rag2 to soybean aphid feeding was evident in both studies.  
 
Project Objectives 
The long-term goal of the dissertation research projects was to characterize the 
resistant response to soybean aphid feeding both at the phenotypic and molecular 
levels. The two main research objectives were: 
1. To identify novel sources of resistance to soybean aphids and characterize the 
genetic architecture of aphid resistance 
Sub-objectives 
 To screen a diverse panel of soybean accessions and select resistant or 
moderately resistant soybean accessions 
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 To identify candidate aphid resistance genes using a genome-wide 
association study (GWAS) 
 To determine the type of aphid resistance (antibiosis or antixenosis or 
both) for each identified resistant or moderately resistant soybean 
accession in controlled experiments 
 
2. To characterize the molecular mechanisms of increased resistance to soybean 
aphids when Rag1 and Rag2 genes are pyramided in one soybean genotype 
(Rag1Rag2) 
Sub-objectives 
 To determine whether the effect of pyramiding Rag1 and Rag2 genes in 
one soybean genotype results in an additive or synergistic effect on aphid 
resistance at the molecular level 
 To characterize the individual response of four near-isogenic soybean 
genotypes (Rag1Rag2, Rag1, Rag2 and Susceptible) to soybean aphid 
feeding 
 
Justification and Significance 
Soybean aphids cause enormous damage to soybean, leading to yield losses of 
up to 50% [13, 15, 16, 58, 104]. The economic impact of soybean aphids has been 
estimated to be between US $3.6 and $4.9 billion annually [105]. Including resistant 
varieties in the management of soybean aphids in IPM programs is a very useful strategy 
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that reduces dependence on pesticides, protecting the environment and decreasing 
production costs. 
  
Although several studies have screened soybean genotypes for aphid resistance 
[19, 20, 32, 34, 104, 106-108], only a few of them have characterized the genetic 
architecture of aphid resistance in identified resistant genotypes. Since biotypes of 
soybean aphids that can colonize resistant soybean have been discovered [46-48], and 
their ability to colonize resistant plants differs, there is need to identify more novel 
sources of aphid resistance. Additional studies on the resistant soybean-aphid 
interaction will build the knowledge base on aphid resistance, contributing to better 
management of soybean aphids and optimization of soybean yields. 
 
To date, few transcriptome studies have explored soybean-aphid interactions 
[58, 79, 80, 91], yet none have compared Rag1 and Rag2 genes simultaneously and the 
relationship between these two resistance genes is not clearly known even though they 
both have an antibiosis type of aphid resistance. Additionally, the molecular effect of 
pyramiding Rag1 and Rag2 genes in one soybean genotype is still unknown. Previous 
studies have showed that populations of soybean aphids were significantly lower in the 
double pyramid (Rag1Rag2) soybean genotype compared to genotypes that contain the 
Rag1 or Rag2 gene alone [29, 109]. Similarly, Wiarda et al., (2012) [94] reported less 
aphid exposure in the Rag1Rag2 soybean genotype and no significant yield reduction 
due to soybean aphids. Research studies in this dissertation characterized the molecular 
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effect of gene pyramiding that leads to increased resistance observed at the phenotypic 
level, establishing if this effect is additive or synergistic. An interesting consequence is 
that if the result is additive, an aphid biotype that is able to colonize Rag1 and Rag2 
soybean should also be able to colonize Rag1Rag2 soybean. On the other hand, a 
synergistic effect may result in a new defense response that could control biotypes that 
are able to colonize plants with Rag1 or Rag2 alone but are avirulent in the Rag1Rag2 
genotype. The overall end result will be a more clear understanding of the molecular 
effect of gene pyramiding in soybean, which will trigger similar research studies in 
soybean and other crop species of economic importance.  
 
Dissertation Organization 
Knowing that soybean aphids are still a threat to soybean production worldwide, 
research aiming to reduce the negative effects of this insect pest is very important. This 
dissertation is written in a journal format and it has four chapters in total. In the 
manuscripts, the name used is “Martha I. Natukunda” instead of “Martha Ibore” as they 
will be published, because of a name change that will be implemented in future. 
 
Chapter 1 gives a general overview of soybean production, introduces soybean 
aphids as a major challenge to soybean production, highlights previous research on the 
soybean-aphid interaction, how the plant defends itself against attackers such as 
soybean aphids, the significance and knowledge gaps that will be addressed by the 
dissertation projects. 
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Chapter 2 describes work that aimed to identify novel sources of resistance to 
soybean aphids, and characterize the genetic architecture of aphid resistance. In large-
scale screening experiments, a diverse panel of soybean accessions was screened for 
resistance to soybean aphids followed by selection of resistant or moderately resistant 
soybean accessions. Phenotypic data from the large-scale screening experiments was 
used to run a genome-wide association study (GWAS) using GAPIT (Genome Association 
and Prediction Integration Tool), resulting in identification of novel regions in the 
soybean genome that could be associated with aphid resistance. The type of aphid 
resistance (antibiosis or antixenosis or both) was determined for each aphid-resistant 
soybean accession. This manuscript is a result of collaborative research with the Singh 
Laboratory in the Department of Agronomy, Iowa State University. Experiments were 
designed by Martha I. Natukunda and Dr. Asheesh K. Singh. Large-scale screening 
experiments and data analysis was mainly conducted by Martha I. Natukunda while 
Jessica D. Hohenstein and several undergraduate research assistants from the Singh 
laboratory helped with planting and data collection. GWAS was done by Martha I. 
Natukunda with contributions from Dr. Mamo Assefa and Dr. Zhang Jiaoping. No-choice 
and pairwise choice experiments and data analysis was conducted by Martha I. 
Natukunda. All of these projects were accomplished under the guidance and supervision 
of Dr. Gustavo C. MacIntosh and Dr. Asheesh K. Singh.    
 
Chapter 3 investigated the molecular effect of pyramiding Rag1 and Rag2 
resistance genes in one soybean genotype (Rag1Rag2) using RNA-seq. We hypothesized 
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that pyramiding the Rag1 and Rag2 aphid-resistance genes results in an additive or 
synergistic effect on the induction of defense responses against soybean aphids at the 
molecular level. To test this hypothesis no-choice growth chamber experiments were 
conducted to determine the transcriptional response of four near-isogenic soybean 
genotypes (three aphid-resistant i.e. one with both the Rag1Rag2 genes, one with only 
the Rag1 gene and one with only the Rag2 gene), and one susceptible control (IA3027). 
For each soybean genotype, the local response to aphid feeding at 6 hours or 12 hours 
was investigated on a global scale. This study revealed that pyramiding the two aphid-
resistance genes in one soybean genotype resulted in a synergistic effect on resistance 
to soybean aphids at the transcriptome level. Specifically, there were sets of genes that 
were present in the Rag1Rag2 response but absent in the Rag1-alone or Rag2-alone 
response. This is an aspect that had never been explored before in gene pyramiding 
studies for any crop species. All authors contributed to the conception of research ideas 
and designing all experiments conducted. Martha I. Natukunda and Jessica D. 
Hohenstein conducted the experiments. Dr. Michelle A. Graham, Martha I. Natukunda 
and Dr. Gustavo C. MacIntosh analyzed the data. All work was accomplished under the 
supervision of Dr. Gustavo C. MacIntosh and Dr. Asheesh K. Singh.  
 
Chapter 4 summarizes the major findings of both dissertation studies, discusses 
JA-SA crosstalk in the Rag1Rag2 response to soybean aphid feeding, describes the 
relevance of dissertation findings to soybean production and agriculture, and states 
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possible future studies that can be conducted based on findings from the dissertation 
research. 
 
Secondary Research Projects 
In addition to the research projects detailed in this dissertation, I have designed and 
conducted growth chamber experiments to: 
 
 Determine the effect of prior aphid feeding on performance of corn earworms on 
aphid-susceptible soybean. In a collaborative project with Dr. Russell Jurenka, at 
Iowa State University, no-choice growth chamber experiments were conducted. The 
major findings were that prior infestation by soybean aphids improved performance 
of corn earworms on susceptible soybean plants, evidenced by the higher caterpillar 
weight gain compared to control plants. This effect was observed only on the local 
but not the systemic leaves. In this project, I designed and conducted all 
experiments under the supervision of Dr. Gustavo. C. MacIntosh. 
 
 Examine the effect of phytohormone combinations (jasmonic acid and ethylene) on 
performance of soybean aphids on susceptible plants. This project involved prior 
external application of individual or phytohormone combinations for a 24 hour 
period. Soybean aphids were then introduced to plants for one week. External 
application of a combination of JA and ET significantly reduced aphid populations on 
susceptible soybean plants, indicating the role of both phytohormone signaling 
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pathways in the susceptible response to soybean aphid feeding. In this project, I 
designed and conducted the experiments with Sydney Boyle, an undergraduate 
research assistant at Iowa State University under the supervision of Dr. Gustavo. C. 
MacIntosh. 
 
 In another collaborative project, the systemic effect of aphid infestation on 
susceptible soybean was examined using RNA sequencing. Overall, there was a 
rather dynamic response to feeding by soybean aphids both after 12 or 168 hours in 
both leaves and roots. In this project I worked with Jessica D. Hohenstein, 
contributing to the experimental design and performing portions of the experiment 
under the supervision of Dr. Gustavo. C. MacIntosh and Dr. Asheesh K. Singh. 
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CHAPTER 2. NOVEL SOURCES OF RESISTANCE TO SOYBEAN 
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Abstract 
Background: Soybean production in the United States is vulnerable to damage 
by insect pests, with one of the economically important pests being soybean aphids. The 
discovery of biotypes of soybean aphids that are virulent on available resistant soybean 
genotypes, greatly threatens the sustained utilization of aphid resistance in integrated 
pest management systems. This study aimed to identify novel sources of resistance in a 
diverse collection of 308 USDA soybean accessions and characterize the genetic 
architecture of aphid resistance using a genome-wide association study (GWAS).  
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Results: In large-scale screening experiments, 16 soybean accessions with 
resistance or moderate resistance to soybean aphids were identified and three of them 
had been identified in previous studies. GWAS revealed novel genomic regions that 
contained candidate genes associated with resistance to biotype 1 of soybean aphids on 
four chromosomes (Gm01, Gm10, Gm16 and Gm19). These candidate genes and their 
Arabidopsis homologs were involved in defense response, cell signaling, lipid 
metabolism, cell wall, abscisic acid signaling, and secondary metabolism. In the 
controlled no-choice and pairwise choice experiments, five soybean accessions             
(PI 054854, PI 378663, PI 540739, PI 612759C and PI 603587A) were found to possess 
only antibiosis, two accessions (PI 612711B and PI 567351A) had antixenosis only, while 
another five (PI 603337A, PI 437950, PI 438031, PI 096162 and PI 592908) had both 
antibiosis and antixenosis. The remaining four accessions did not show either type of 
resistance in controlled experiments or were not tested. 
 
Conclusion: This study is the first to report candidate aphid resistance genes on 
Gm01 and Gm19. Identified novel sources of aphid resistance can be utilized in plant 
breeding programs to develop cultivars with more resistance, combating yield losses 
that are currently attributed to damage by soybean aphids. 
 
Key words: Antibiosis, Antixenosis, Aphid resistance, Genome-wide association study 
(GWAS), Single nucleotide polymorphisms (SNPs), Soybean aphids and Soybean. 
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Background 
Soybean production is vulnerable to major yield losses due to damage by insect 
pests and other factors. One of the major insect pests of soybean are soybean aphids 
(Aphis glycines Matsumura), an invasive species that was first discovered in North 
America in July 2000 [1, 2]. Soybean aphids are native to East Asia, but have spread to at 
least 30 US states and three Canadian provinces since their discovery [1, 3, 4]. Using 
their piercing and sucking mouth parts (stylets), soybean aphids feed from the phloem 
vessels, diverting plant assimilates like sugars and amino acids for aphid nutrition and 
growth at the expense of host plants. Soybean aphids are also vectors of plant viruses 
like Soybean mosaic virus [2, 4-6]. Aphid colonization on soybean results in shortened 
plant height, curling and yellowing of leaves, development of sooty mold and reduced 
pod and seed set [2]. Overall, soybean aphids can cause yield losses of up to 50% [4, 7-9] 
and in North America, the economic impact has been estimated to be between $3.6 and 
$4.9 billion every year [10]. Among the several management options for soybean 
aphids, chemical control is currently predominantly used. It involves foliar application of 
broad spectrum insecticides when the economic threshold of 250 aphids per plant is 
reached [4, 11]. Using these insecticides has had far reaching negative effects such as 
development of pest resistance to insecticides and destruction of the environment [12]. 
Cultivation of aphid-resistant soybean varieties in integrated pest management (IPM) 
programs is an effective management strategy that not only reduces dependence on 
insecticides for aphid management but also lessens costs for chemical control. Aphid-
resistant soybean varieties have been commercially available for cultivation since 2010 
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[13-15]. In recent years, studies have reported aphid biotypes that can successfully 
colonize resistant varieties with a variable level of virulence for each Rag gene [6, 16-
18]. Thus, identification of more durable sources of aphid resistance is essential for the 
sustained utilization of aphid-resistant soybean varieties in IPM. The overall objective of 
this study was to identify new sources of aphid resistance and characterize the 
underlying genetic architecture of aphid resistance.  
 
Several studies have identified aphid-resistant soybean genotypes in screening 
experiments [6, 8, 19-23] but only a few have characterized the genetic architecture of 
aphid resistance in the accessions that they identified. In soybean, aphid resistance is 
conferred by Resistance to Aphis glycines (Rag) genes. To date, eight Rag genes have 
been reported in North America [14]. Rag1 was identified in the soybean cultivars 
Dowling [6, 24] and Jackson [25]. Rag2 was identified in PI 243540 [21] and PI 200538 
[26]. The Rag3 and rag4 genes in PI 567541B and PI 567543C were reported by [27, 28] 
and the Rag5 locus reported in PI 567301B [29]. Relative to the Williams 82 reference 
genome, the Rag1 gene is located in a 115 kilobase (kb) interval on chromosome 7 [30], 
Rag2 is located in a 54 kb interval on chromosome 13 [31] and the Rag3 locus is in a 
region between markers Sat_339 and Satt414 on chromosome 16 [28]. All these 
predicted genomic regions have genes containing Nucleotide Binding Site-Leucine Rich 
Repeat (NBS-LRR) domains and have been proposed as good candidates for the 
respective aphid resistance genes [32, 33]. Since the Williams 82 soybean genotype 
which was used to develop the reference genome is susceptible to soybean aphids, 
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homologous genes likely confer aphid resistance in the resistant genotype.  Further, 
there could be copy number variants in the resistant genotype. 
 
There are three basic types of resistance to insect pests: antibiosis (adverse 
effect on insect biology), antixenosis (non-host preference) and tolerance (similar yield 
in presence or absence of the insect) [6, 34, 35]. This study also aimed to characterize 
the type of aphid-resistance for each of the identified resistant soybean accessions. One 
plant genotype can possess one or more types of aphid resistance. For instance, 
soybean genotypes with the Rag1 or Rag2 genes have both antibiosis and antixenosis 
even though the primary type of resistance is antibiosis [14]. On the other hand, 
soybean genotypes with the Rag3 gene mainly have antixenosis [10, 14, 36]. Although 
Rag genes provide a broad spectrum of resistance mechanisms, this resistance is greatly 
constrained by existence of virulent aphid biotypes. Biotype 1, the Illinois isolate, is 
avirulent to all known Rag genes; biotype 2, the Ohio isolate, is virulent to Rag1 
soybean, but not Rag2 [17]; biotype 3, the Indiana isolate, is virulent to Rag2 but not 
Rag1 soybean [16] and biotype 4, the Wisconsin isolate, is virulent on Rag1, Rag2 and 
the Rag1Rag2 pyramid line [18, 37]. Current research efforts are aiming to discover 
novel sources of resistance that are effective against all known aphid biotypes [38]. 
 
Identification of soybean accessions with resistance to biotype 1 of soybean 
aphids will provide more germplasm to include in plant breeding programs for 
developing soybean varieties with stronger and more durable aphid resistance. Here, we 
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screened a diverse collection of 308 soybean accessions (plant introductions-PI lines) 
from the USDA gene bank for resistance to soybean aphids (biotype 1). These accessions 
belonged to soybean maturity groups (MG) I and II. In large-scale screening 
experiments, soybean accessions with aphid resistance (either antibiosis or antixenosis 
or both) were selected from our panel. GWAS was used to identify the genomic regions 
related to aphid resistance. Additionally, for the identified resistant or moderately 
resistant PI lines, controlled experiments were conducted to characterize the type of 
resistance for each soybean accession (no-choice experiments for antibiosis and 
pairwise choice experiments for antixenosis).  
 
Results 
 
Identification of aphid resistance phenotypes by large-scale soybean accession 
screening 
The 308 USDA soybean accessions tested for aphid resistance in the large-scale 
screening experiments showed differences in aphid performance. Aphid quality ranged 
from 1 (small pale-green aphids) to 4 (normal or medium sized greenish-yellow aphids) 
with 1 and 2 occurring in susceptible accessions and 3 and 4 occurring in resistant or 
moderately resistant accessions (Figure 1). Sixteen soybean accessions from this panel 
were resistant (mean overall scores 1 to 2.9) or moderately resistant (mean overall 
scores 3 to 3.9) to biotype 1 of soybean aphids (Figure 2). The remaining 292 
(approximately 94%) accessions were susceptible to soybean aphids and had mean 
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overall scores ≥4.0 (Additional Figure 2). There were significant differences (P<0.0001) in 
aphid populations among the soybean accessions tested (Additional Table 2). Mean 
overall scores for all genotypes ranged from 1.16 to 6 and the histogram was skewed to 
the right (Additional Figure 1). The broad sense heritability for this panel of soybean 
accessions was 0.85. There were striking differences between resistant and susceptible 
soybean genotypes both in terms of plant damage symptoms and aphid quality. The 
aphid-resistant checks, PI 548663, LD16060, PI 200538, PI 567543C and PI 567541B, had 
mild to no plant damage symptoms and aphid quality score 3 or 4 while susceptible 
checks (SD01-76R and Williams 82), had moderate to severe plant damage symptoms 
and aphid quality score 1 or 2 (Figure 1; Figure 2). The overall performance of the 16 R 
and MR soybean accessions identified in this study was comparable to resistant checks 
both in terms of plant damage symptoms and aphid quality. This trend was consistent 
across all experiments. 
 
Comparing experiments with different numbers of aphids for initial infestation 
revealed some interesting phenotypes. At high initial aphid populations (N=200 aphids), 
the Rag3 check (PI 567543C) had a higher mean overall score (3.66) while at low initial 
aphid populations (N=10 aphids) it had a lower mean overall score (1.16). Three of the 
soybean accessions (PI 578374, PI 612759C and PI 603546A) identified in the large-scale 
screening showed a similar trend of increasing mean overall score at high initial aphid 
populations (Additional Figure 3). This finding suggests that for some resistant soybean 
genotypes, aphid resistance might be density-dependent.  
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Genome-wide association study (GWAS) 
The genome-wide association study identified 15 SNPs on four chromosomes 
(Gm01, Gm10, Gm16 and Gm19) that were associated with aphid resistance (Figure 3; 
Additional Table 3). After grouping SNPs based on linkage disequilibrium (LD) and the 
r2>0.7, six genomic regions (LD blocks) associated with aphid resistance in this panel of 
PI lines were identified (two on Gm01, one on Gm10, two on Gm16 and one on Gm19) 
(Figures 4a-4f).  
 
Candidate gene prediction 
Across the 6 LD blocks on the four soybean chromosomes, 96 genes were 
identified in the genomic intervals (Figures 4a-4f; Appendix: Table 3). Of these, 12 
prospective candidate genes associated with aphid resistance were selected based on 
whether they were involved in plant defense, were homologous to Arabidopsis genes 
involved in plant defense or proximity to significant SNPs. For each of the soybean 
candidate genes, the Arabidopsis homolog is indicated in parentheses. On Gm01, two 
SNPs (ss715578879 and ss715580883) were detected (Figures 4a and 4b; Appendix: 
Table 3). A region of approximately 140 kb was detected by ss715578879. This region 
contained two Leucine-rich repeat (LRR) receptor-like protein kinases, 
Glyma.01G027100 (AT1G51940.1) and Glyma.01G028000 (AT1G70530.1). AT1G51940.1 
encodes a LysM-containing receptor-like protein kinase that is involved in defense 
responses against fungi, cell and abscisic acid (ABA) signaling [39, 40]. Transcriptome 
studies that have examined the resistant or tolerant response to soybean aphids have 
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reported differential expression of LRR kinases [32, 41]. AT1G70530.1 encodes a 
cysteine-rich receptor-like protein kinase 3 (CRK3). CRKs have been shown to play 
important roles in defense against pathogens such as production of reactive oxygen 
species leading to programmed cell death [42, 43]. On Gm01, ss715580883 highlighted a 
176 kb region that contains 3 prospective candidate genes, 2 NBS-LRR containing 
proteins encoded by Glyma.01G010500 (AT3G07040.1) and Glyma.01G010700 
(AT3G07040.1); and Glyma.01G011500 (AT4G16070.1) a gene which encodes a Lipase 
class 3 family protein. Glyma.01G010500 and Glyma.01G010700 have the same 
Arabidopsis homolog (AT3G07040.1), a gene that encodes the Resistance to 
Pseudomonas syringae 3 (RPS3/RPM1) disease resistance protein [44, 45]. RPS3 
contains an N-terminal tripartite nucleotide binding site and a C-terminal tandem array 
of leucine-rich repeats domain. AT4G16070.1 encodes a mono-/di-acylglycerol lipase. In 
wheat, the resistant response to feeding by the Hessian fly involved rapid mobilization 
of membrane lipids [46]. Membrane lipids are hydrolyzed during biosynthesis of 
jasmonic acid (JA), a key plant defense hormone [47, 48]. Upstream of the peak SNP on 
Gm10 (ss715607743) is Glyma.10G251700 (AT1G11545.1), a gene which encodes a 
xyloglucan endotransglucosylase/hydrolase (XTH) (Figure 4c; Appendix: Table 3) and 
plays a role in cell wall biogenesis and cell wall organization, and is regulated by salicylic 
acid (SA) [49, 50]. The 240 kb window on Gm16 tagged by ss715624199 contained 
Glyma.16G140700 (AT2G18470.1), an LRR receptor-like protein kinase (Figure 4d; 
Appendix: Table 3). AT2G18470.1 is a proline-rich extensin-like receptor kinase 4 that 
plays a role in ABA-activated and calcium-mediated signaling [51, 52]. In a small region 
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of approximately 65 kb on Gm16, two SNPs (ss715624153 and ss715624125) were 
detected (Figure 4e; Appendix: Table 3). One of the SNPs (ss715624153) was located in 
an intron of Glyma.16G138700 (AT1G75240.1), a transcription factor with a ZF-HD 
protein dimerization region. The Arabidopsis homolog (AT1G75240.1) encodes a zinc 
finger-homeodomain transcription factor, ZHD5 (homeobox protein 33) which is 
involved in ABA-activated signaling [53]. About 300 kb from the peak SNP in this region, 
there was a cluster of 11 LRR containing genes that were homologous to putative 
disease resistance proteins (TIR-NBS-LRR class) in Arabidopsis [54]. These 11 genes are 
listed in Table 3 in the Appendix. Finally, on Gm19, ss715635697 was the peak SNP in a 
region of approximately 378 kb. This region had 11 SNPs that were in very high LD with 
each other (r2>0.9) (Figure 4f; Appendix: Table 3). Four candidate genes: a 
phospholipase D, Glyma.19G034800 (AT2G42010.1) and 3 glucosyl/glucuronosyl 
transferases (Glyma.19G035800-AT1G22340.1, Glyma.19G036000-AT1G22360.1 and 
Glyma.19G036100-AT1G22340.1) were located in this region. AT2G42010.1 encodes a 
phospholipase D which is involved in defense response to bacterium and incompatible 
interaction [55-57]. The three Arabidopsis homologs of the glucosyl/glucuronosyl 
transferases encode UDP-glucosyltransferases that are involved in secondary 
metabolism. 
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Determination of alleles for each SNP in resistant or moderately resistant soybean 
accessions 
For each peak significant SNP in each of the 6 LD blocks, the allele correlated 
with the resistant (R) or susceptible (S) phenotype on which the SNP was located was 
determined (Table 2). Two soybean accessions that had the lowest mean overall scores 
in the large-scale screening experiments (PI 054854 and PI 378663) had R alleles for all 
the 6 SNPs. Consistent with the aphid phenotype data, most of the soybean accessions 
with a higher mean overall score (were less resistant) had fewer R alleles for the six 
SNPs (Table 2).  
 
Determination of soybean accessions with antibiosis using no-choice experiments  
Combined data from two no-choice experiments identified 10 soybean 
accessions with antibiosis (Figure 5). Across these two experiments, soybean accessions 
performed similarly with respect to their aphid populations. These accessions had 
significantly different aphid populations compared to the susceptible control, SD01-76R 
(P<0.05). The 10 soybean accessions performed similar to the resistant checks that have 
primarily antibiosis PI 548663 [Rag1] and PI 200538 [Rag2] [14]. The Rag3 check (PI 
567543C) which has been reported to have primarily antixenosis [14, 36] had 
significantly fewer aphids (P<0.05) compared to both susceptible controls (SD-7601R 
and IA3027). In both experiments, IA3027 had higher aphid populations than SD01-76R, 
the internal control. For this reason, during data analysis, each resistant or moderately 
resistant accession was compared to SD01-76R which has been widely characterized by 
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several phenotypic and molecular aphid-susceptibility studies compared to IA3027 [15, 
58].  
 
Determination of soybean accessions with antixenosis using pairwise choice 
experiments 
Soybean accessions with antixenosis type of aphid resistance were characterized 
using pairwise choice experiments with Williams 82 as the susceptible control. Seven R 
or MR accessions had antixenosis (Figure 6). Interestingly, the soybean accession with 
the strongest level of antixenosis (PI 592908) had been categorized as moderately 
resistant in large-scale screening experiments. It was quite surprising that one accession 
(PI 417513B) that was moderately resistant to aphids in the large-scale screening 
experiments was significantly preferred by soybean aphids, an opposite trend from 
what was expected (Figure 6). IA3027, an aphid-susceptible soybean genotype that has 
recently been reported to have antixenosis [12] showed a trend of lower preference by 
aphids when compared to Williams 82, but the P value (P=0.07), was not statistically 
significant in our study.  
 
Overall, in the controlled no-choice and pairwise choice experiments to 
characterize soybean genotypes with antibiosis and/or antixenosis types of aphid 
resistance, five soybean accessions (PI 054854, PI 378663, PI 540739, PI 612759C and PI 
603587A) were found to possess only antibiosis, two (PI 612711B and PI 567351A) had 
antixenosis only, while five others (PI 603337A, PI 437950, PI 438031, PI 096162 and PI 
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592908) had both antibiosis and antixenosis. Three of the soybean accessions (PI 
578374, PI 603546A and PI 181537) did not show a resistant phenotype in either 
experiment while one genotype (PI 417513B) was significantly preferred compared to 
the susceptible control, Williams 82 in pairwise choice experiments (Table 3). 
 
Discussion 
In the large-scale soybean accession screening experiments, we identified 16 
accessions that had resistance or moderate resistance to soybean aphids. Three of these 
soybean accessions (PI 378663, PI 603546A and PI 603587A) had been previously 
reported to be resistant or moderately resistant to soybean aphids [19]. Along with the 
Rag3 resistant check (PI 567543C), the three resistant or moderately resistant soybean 
genotypes that exhibited a trend of density-dependent aphid resistance should be 
tested in separate experiments to confirm this phenomenon. We successfully 
characterized the type of aphid resistance (antibiosis or antixenosis or both) for 
resistant soybean accessions that were identified in the large-scale screening 
experiments. For our panel of accessions, antibiosis was the more prevalent type of 
aphid resistance. Soybean accessions with antibiosis had varying aphid populations and 
quality, indicating stronger antibiosis for some compared to others. Our aphid quality 
ratings were comparable to Bhusal et al., (2014) [19] who reported small sparsely 
distributed aphids on resistant soybean plants unlike the susceptible soybean 
accessions. Aphid size is a good indicator of the antibiosis type of resistance because it 
reflects how much nourishment the insect pest obtains from the host plant. For soybean 
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genotypes that were resistant in the large-scale screening experiments but did not have 
either type of aphid resistance in more controlled experiments, this could have resulted 
from an artifact in the experimental design and selection criteria. Examination of the 
peak SNPs associated with aphid resistance in these soybean accessions supports this 
possibility; soybean genotypes that had neither type of aphid resistance in no-choice 
and pairwise choice experiments (PI 578374, PI 603546A and PI 181537) had no or only 
one R allele for the peak SNPs. However, it is important to note that some of the SNPs 
that were represented by the peak SNPs could have had R alleles at specific positions 
but this could have been masked due to grouping SNPs in to LD blocks during data 
analysis yet the peak SNP may not have been in high LD with the causal genetic variant. 
 
Consistent with the findings of Ajayi-Oyetunde et al., (2016) [59], the Rag3 check 
(PI 567543C) did not exhibit strong resistance to biotype 1 of soybean aphids used in our 
study. Although the Rag3 gene has been reported to primarily confer antixenosis against 
soybean aphids [14], our results for the pairwise choice experiments did not show 
statistically significant preference for PI 567543C. A different aphid biotype against 
which the Rag3 gene is more effective could potentially give a different result [10, 17, 
18]. In this study, IA3027, an aphid-susceptible soybean genotype that has been 
reported to have antixenosis [12], had an antixenosis trend although the P value was 
not statistically significant (P>0.05). This suggests that IA3027 likely has weak 
antixenosis, unlike the aphid-resistant soybean genotypes with antixenosis identified in 
this study. Compared to the findings from Hanson et al., (2016) [12], this observation for 
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IA3027 in this study could be due to differences in experimental design. While our study 
used pairwise choice experiments with Williams 82 as the susceptible control, Hanson et 
al., (2016) [12] used 8 soybean accessions in the same pot for choice tests, providing 
aphids with several feeding options. We also observed a moderately resistant soybean 
accession, PI 417513B that was significantly preferred in the pairwise choice 
experiments compared to the susceptible control. In this case, aphids could be utilizing 
cues from the plant for selection of the resistant plant for colonization. These could be 
chemical, i.e. plant volatiles or morphological cues such as short plant stature or large 
leaves as reported for some insect species [60]. 
 
Using GWAS, we identified prospective candidate genes for aphid resistance on 
four soybean chromosomes (Gm01, Gm10, Gm16 and GM19). This is the first study to 
report candidate genes for aphid resistance on Gm01 and Gm19 in soybean. Five of the 
candidate genes contain the LRR domain (three LRR receptor-like protein kinases and 
two LRR containing proteins) which has been characterized as a recognition motif [61]. 
Thus, the LRR motif could potentially be playing a role in the recognition of effector 
proteins secreted in aphid saliva [62, 63]. In plant-pathogen interaction studies, the role 
of kinases in plant defense has been greatly characterized. Arabidopsis homologs of the 
LRR proteins identified in this study play a role in defense response, cell signaling and 
response to ABA [39, 40, 43]. Transcriptome analysis studies that have compared 
resistant or tolerant versus susceptible responses to feeding by soybean aphids have 
reported differential expression of LRR kinases [32, 41].  
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Two of the LRR containing proteins (Glyma.01G010500 and Glyma.01G010700) 
have Arabidopsis homologs that contain an NB-ARC (nucleotide-binding adaptor shared 
by APAF-1, R proteins, and CED-4) domain and play a role in defense responses against 
P. syringae [44, 45]. Genes containing the NBS-LRR domain have been well characterized 
as resistance genes that defend plants against insect pests and pathogens [64-68] in 
soybean [69] and other plant species such as Arabidopsis [70] and cassava [71]. One of 
the well characterized resistance genes is the Mi-1.2 gene in tomato which possesses an 
NBS-LRR domain and confers resistance against some aphid biotypes [72, 73], whiteflies 
[74], psyllids [75] and nematodes [76]. The genomic regions that have been proposed to 
contain the Rag1, Rag2 and Rag3 aphid resistance genes all contain NBS-LRR genes and 
they have been proposed to be candidates for these genes [28, 32, 33]. The Rag3 gene 
has been reported to be located on chromosome 16 [28] but the predicted region does 
not correspond to any of the regions that we identified in this study. The cluster of 11 
NBS-LRR genes that were identified on Gm16 in the present study is located in different 
physical positions. These 11 NBS-LRR genes are homologous to the RPS4 gene which 
confers resistance against P. syringae in Arabidopsis [77]. Interestingly, [78] reported 
that the molecular response of Rag1 soybean (Dowling) was similar to the resistant 
response to P. syringae suggesting that the molecular mechanisms could be somewhat 
similar for both biotic stresses.  
 
We identified two lipid-related soybean candidate genes (a lipase and 
phospholipase), Glyma.01G011500 and Glyma.19G034800 on Gm01 and Gm19. 
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Arabidopsis homologs of these genes are involved in lipid catabolism [79] and defense 
response to bacterium [55-57]. Lipid metabolism significantly contributes to plant 
defense responses. Membrane lipids are cleaved by lipases to generate free 
polyunsaturated fatty acids (PUFAs) and undergo further modification through the 
octadecanoid pathway to produce the defense phytohormone, JA [80-82]. Soybean 
aphids block JA biosynthesis by modifying fatty acid metabolism in soybean, as 
sustained feeding leads to a decrease in linolenic acid (18:3), the precursor of JA [83]. 
Although aphids use this modification for their advantage to disrupt effective plant 
defenses in the susceptible soybean-aphid interaction, resistant plants could have 
different mechanisms by which they respond to changes in fatty acid metabolism 
induced by soybean aphids. A lipase 1 gene (MYZUS PERSICAE-INDUCED LIPASE1-MPL1) 
is required for antibiosis resistance against green peach aphids (Myzus persicae) in 
Arabidopsis [84]. Additionally, a lipase-like protein, PHYTOALEXIN DEFICIENT4 (PAD4), is 
involved in defense against green peach aphids (through both antibiosis and 
antixenosis), P. syringae and Hyaloperonospora arabidopsidis, the causative agent of 
downy mildew [85, 86]. Several transcripts involved in lipid metabolism in the resistant 
response of wheat to the Hessian fly have been reported [87]. In tomato, α-
DIOXYGENASE 1, a fatty acid-hydroperoxidase plays a role in defense against the potato 
aphid [88]. The exact role of the class 3 lipase protein and phospholipase identified in 
this study in resistance to soybean aphids is yet to the characterized.   
 
48 
 
 
The cell wall-related candidate gene, Glyma.10G251700, identified on soybean 
Gm10 has an Arabidopsis homolog (AT1G11545.1) that encodes a xyloglucan 
endotransglycosylase/hydrolase (XTH) which is involved in cell wall biogenesis and 
organization [49, 50]. The cell wall has been well characterized as one of the 
morphological structures that protect plants against insect herbivory and pathogen 
attack. It is one of the physical barriers that must be overcome by insects or pathogens 
in order to successfully colonize the host plant [89, 90]. Increased cell wall thickness and 
lignification both play a role in preventing insect colonization [91]. Reinforcement of cell 
walls with various macromolecules such as lignin, cellulose, callose and small organic or 
inorganic molecules occurs during insect feeding [92]. Examination of the transcriptional 
response of wheat to feeding by the Hessian fly showed upregulation of several 
transcripts involved in cell wall metabolism in the resistant genotype; 16 of these 
transcripts encoded XTH enzymes [87].  
 
On Gm16, Glyma.16G138700 (AT1G75240.1), the only gene on which a SNP 
(ss715624153) was located, encodes a transcription factor with a with a ZF-HD protein 
dimerization region. AT1G75240.1 encodes a homeobox protein 33 which is involved in 
ABA activated signaling [53]. Two other candidate genes Glyma.01G027100 and 
Glyma.16G140700 are also involved in ABA-related responses. Although ABA is primarily 
involved in plant response against abiotic stresses [93, 94], several studies have also 
reported the role of ABA in the response to biotic plant stresses. ABA-induced 
susceptibility has been studied in many plant-pathogen interactions, enhancing 
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performance of several plant pathogens such as Magnaporthe grisea, the causative 
agent of rice blast [95] and Hirschmanniella oryzae, a migratory nematode that 
colonizes rice [96]. Similarly, Studham and MacIntosh (2013) [58] reported significant 
induction of ABA biosynthesis transcripts in the susceptible soybean-aphid interaction, 
one week after aphid feeding and Studham and MacIntosh (2013) [58] proposed a 
“decoy-hypothesis” in which aphids could be using ABA to suppress effective JA- or SA- 
mediated defenses in aphid-susceptible plants. Additionally, Hillwig et al., (2016) [97] 
showed that ABA deficiency increased defenses against green peach aphids in 
Arabidopsis. However, in some systems, ABA has been found to positively affect plant 
defenses. Treatment of tobacco with ABA increased resistance to Tobacco Mosaic Virus 
[95, 98, 99] through increased callose deposition, reducing the spread of the virus via 
plasmodesmata. Our findings suggest that ABA-related biological processes could be 
involved in the interaction between resistant soybean and aphids but the exact role of 
ABA in this interaction is yet to be elucidated. Since ABA is only one of the 
phytohormones that are involved in the regulation of plant defense responses, crosstalk 
with other phytohormone signaling pathways such as JA, SA and ethylene will result in a 
specific defense response in the resistant soybean-aphid interaction [100].  
 
Chemical defenses are one of the mechanisms by which plants defend against 
colonization by insect pests [101]. This study identified three soybean candidate 
resistance genes Located on Gm19, (Glyma.19G035800, Glyma.19G036000 and 
Glyma.19G036100) whose Arabidopsis homologs encode glucosyl/glucoronosyl 
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transferases. Although this family of enzymes is not yet well characterized, their role in 
resistance to P. syringae in Arabidopsis has been reported [102, 103]. One of the plant 
secondary metabolites that are involved in plant defense is flavonoids. Flavonoid 
biosynthesis in plants occurs through the phenylpropanoid pathway with a UDP 
glucosyltransferase converting flavonols to flavonol glycosides [104]. As one of the 
largest groups of phenolic compounds or secondary metabolites produced by plants, 
some classes of flavonoids are involved in plant defense against pathogen infection 
[105], and are deterrents against insect colonization [106, 107]. Overall, the possible 
role of the three glucosyl/glucoronosyl tranferases identified in this study in the 
resistant response to soybean aphids ought to be assessed in future studies. 
 
Conclusions 
This study identified novel sources of aphid resistance in soybean and has added 
to the knowledge base on options for management of this insect pest. GWAS allowed 
extensive coverage of the soybean genome, enabling genome-wide identification of SNP 
markers for aphid resistance in our panel of soybean accessions. Although this study has 
proposed candidate genes for aphid resistance in resistant or moderately resistant 
soybean accessions, functional analysis studies using mutants and methods such as virus 
induced gene silencing (VIGS) or CRISPR-Cas9 are critical to validate the role of these 
genes in the resistant response to soybean aphids [108, 109]. Soybean accessions that 
contain resistant alleles for respective SNPs can be used for marker assisted selection, 
thereby reducing the time to develop aphid-resistant soybean varieties compared to 
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conventional methods. Since this study only evaluated resistance in the identified 
accessions against biotype 1 of soybean aphids, future studies should involve testing of 
identified resistant accessions for resistance against other aphid biotypes (2, 3 and 4) 
[16-18]. Because soybean genotypes with multiple resistance genes are more effective 
against soybean aphids [59, 110], knowing the type of aphid-resistance (antibiosis or 
antixenosis) conferred for each soybean accession will guide future efforts of gene 
pyramiding by plant breeders, contributing to the development of stronger and more 
durable aphid resistance. Development of new soybean varieties with more durable 
aphid resistance will contribute to the broad objective of combating the problem of 
virulent aphid biotypes which will ultimately reduce yield losses that are currently 
caused by soybean aphids. 
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Materials and Methods 
Insect material 
The soybean aphids (biotype 1) that were used for all experiments conducted in 
this study were obtained from a colony maintained by the MacIntosh lab group. Aphids 
were reared on SD01-76R, an aphid-susceptible soybean genotype, in a growth chamber 
maintained at a constant temperature of 25oC and photoperiod of 16 hours light, 8 
hours darkness. This aphid biotype was used because it is avirulent to resistant plants 
that contain any of the known Rag genes. 
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Plant material and large-scale soybean accession screening experiments 
All large-scale screening experiments were conducted in a pest free greenhouse 
maintained at a temperature of 25oC and a photoperiod of 16 hours light and 8 hours 
darkness at Iowa State University. To identify novel sources of aphid resistance, a 
diverse USDA gene bank collection of soybean accessions belonging to soybean maturity 
groups I (145 PI lines) and II (163 PI lines) were screened. These soybean accessions 
originated from 23 countries around the world, mostly from China (>60%) and they are 
well adapted for the Midwest in the United States (Appendix: Table 1). These accessions 
belong to a subset of the core collection of the USDA Soybean Germplasm Collection 
and were picked to represent the diversity of MG I and II lines [111]. An aphid resistance 
screening protocol was developed based on previous studies by [6, 8, 21] with a few 
modifications in the initial number of aphids introduced to plants. Soybean accessions in 
the different maturity groups were screened in separate experiments; two large-scale 
screening experiments for MG I and one for MG II. Only one large-scale screening  
experiment was conducted for the accessions in MG II because most of the soybean 
genotypes were aphid-susceptible and the few resistant genotypes identified were 
confirmed in subsequent no-choice and pairwise choice experiments. For each large-
scale screening experiment, an incomplete block design with three replications was 
used. Seven checks (five aphid-resistant and two aphid-susceptible) were included in 
each experiment. The aphid-resistant checks were: PI 548663 (Dowling [with Rag1 
gene], LD16060 [with Rag1 gene], PI 200538 [with Rag2 gene], PI 567543C [with Rag3 
gene], and PI 567541B [with rag4 gene]. The susceptible checks were SD01-76R and 
54 
 
 
Williams 82. For each soybean accession, two seeds were planted in bottom-perforated 
Styrofoam cups (7 cm diameter and 7 cm height) containing steam-sterilized Metro Mix 
900 growing mix (Sun Gro Horticulture, Vancouver, BC, Canada). After planting, 18 
Styrofoam cups were placed in water holding flats placed in flat supports, and watered 
in the flats (~1 liter) thrice a week. Each incomplete block consisted of 9 Styrofoam cups 
(half of the flat). Each flat contained 18 randomly assigned soybean accessions. After 
germination, plants were thinned to one plant per pot. When plants were at the early 
unifoliate growth stage [112], 10 mixed-age adult apterous aphids were introduced to 
the abaxial side of the leaves for each of the plants (all experiments except MG I-
Experiment 1 which had an initial infestation of  ~200 aphids) using a fine paint brush. 
After plants reached the V1 growth stage, they were fertilized once a week with a 1:1 
mixture of all-purpose Scott’s Miracle-Gro Excel (21-5-20, The Scott’s Company LLC, 
Marysville, Ohio, USA) and Cal-Mag Miracle-Gro Professional (15-5-15, The Scott’s Co.), 
applied at a rate of 12.5 mL L-1 water.  
 
Data on aphid populations per plant, damage symptoms and aphid quality was 
collected 14 to 18 days after introducing aphids to plants (Additional Table 1). Each 
plant was scored for damage symptoms (leaf yellowing, curling and discoloration, plant 
stunting, and presence of sooty mold) using a rating of 1 (no symptoms) to 4 (severe 
symptoms). Visual scoring of damage symptoms was used as described by [20]. Aphid 
performance parameters such as aphid quality-size and color, presence of honeydew, 
cast skins and dead aphids were also recorded for each plant; all these factors were 
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used as indicators of aphid performance on the plant. Aphid quality on each plant was 
rated using a scale of 1 (normal sized greenish-yellow aphids) to 4 (small pale-green 
aphids) (Figure 1; Additional Table 1). An overall numerical score was assigned to each 
plant based on aphid population per plant and damage symptoms using a scale that 
ranged from 1 to 6, with 1 corresponding to plants with the fewest aphids and no 
damage symptoms and 6 to plants with the most aphids and moderate to severe 
damage symptoms (Table 1). Data analysis involved calculation of mean number of 
aphids and mean overall score for each soybean accession from the all replications for 
each experiment conducted and based on these two parameters, soybean accessions 
were categorized as resistant (R), moderately resistant (MR) or susceptible (S). Soybean 
accessions with mean overall scores of 1 to 2.9 were grouped as resistant, those with 3 
to 3.9 were categorized as moderately resistant and those with mean overall score of ≥4 
were grouped as susceptible to soybean aphids. The scoring criteria used to categorize 
soybean accessions as R, MR or S was modified from Bhusal et al., (2013) [8] (Table1). 
The broad sense heritability was calculated using the genotypic variance, error variance 
and number of replications. 
 
Genotyping, quality control and genome-wide association study 
All phenotypic data (overall score per plant) obtained from the large-scale 
soybean accession screening experiments was utilized to determine the genetic 
architecture of aphid resistance. Out of the 308 soybean accessions screened for aphid 
resistance, 303 were used for GWAS while five PI lines were dropped from the analysis 
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due to insufficient phenotypic data. During preparation of phenotypic data for GWAS, 
for each soybean accession in MG I an average of the overall score was calculated for 
each of the 3 replications across the two experiments. For soybean accessions in MG II, 
data from 3 replications of one experiment was used in the analysis. Genotypic data 
(single nucleotide polymorphisms or SNPs) of the association panel was prepared in a 
previous study [113] and was retrieved from SoyBase 
(https://soybase.org/snps/download.php). In total, 35,683 SNPs (markers) with minor 
allele frequency (MAF) ≥0.05 were used in this analysis. Of these SNPs, 77% were 
distributed in the euchromatic regions. Best linear unbiased predictions (BLUPs) of the 
genetic effects were calculated for the overall score of all individual soybean accessions 
in maturity groups I and II by using the R package lme4 [114]. The GWAS was conducted 
by using the genome assessment and prediction integrated tool (GAPIT) R package as 
described in previous studies [115, 116].  
 
Linkage disequilibrium (LD) 
There was variability in the average marker density among the different soybean 
chromosomes. Linkage disequilibrium was used to group SNPs on the same 
chromosome and to determine which SNPs could adequately represent other SNPs 
based on the r2 values (coefficient of multiple correlations). Significant SNPs in close 
proximity on the same chromosome were clustered at r2>0.7 and the most significant 
SNP (peak SNP) used to represent other significant SNPs in the LD block. 
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Prediction of candidate genes 
Candidate genes were predicated using gene models annotated in version two 
(Glyma.Wm82.a2.v2) of the soybean genome [117] available in SoyBase 
(https://soybase.org/SequenceIntro.php). Homologs of “Glyma” genes in Arabidopsis 
thaliana (Arabidopsis) available in TAIR (https://www.arabidopsis.org/) were also used. 
Prediction of candidate genes was based on the following considerations: a) genes of 
known function related to insect or disease resistance in soybean, b) genes with 
Arabidopsis homologs of known function to insect or disease resistance, and c) position 
of the genes relative to the significant SNPs. Genes within the genomic region of the 
locus as defined above and in close proximity to the peak SNPs are reported.  
 
Determination of the type of aphid resistance (antibiosis or antixenosis) 
No-choice and pairwise choice experiments were conducted to validate resistant 
and moderately resistant soybean accessions identified in the large-scale screening and 
characterize the type of aphid resistance for each of the 16 resistant accessions. Both 
sets of experiments were conducted in growth chambers with alternating photoperiod 
of 16 hours light: 8 hours darkness and 25oC temperature. 
 
Antibiosis:  To determine if the resistant or moderately resistant soybean 
accessions identified from our large-scale screening had an antibiosis type of aphid 
resistance, two no-choice experiments arranged in a randomized complete block design 
were conducted. Experiment 1 had three replications while experiment 2 had 6 
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replications. In addition to the 16 R or MR soybean accessions identified in our panel of 
accessions, five checks most of which had been used in the large-scale screening 
experiments (3 resistant i.e. PI 548663 [has Rag1 gene], PI 200538 [has Rag2 gene] and 
PI 567543C [Rag3 gene]; and 2 susceptible i.e. SD01-76R and IA3027) were tested in no-
choice experiments. Each soybean accession was planted in a bottom-perforated 
Styrofoam cup, and plants were randomly distributed within each block (water-holding 
flats), and watered thrice a week. For each experiment, when plants were at the V1 
growth stage, ten age-synchronized (4 to 5 day old) aphids were placed on the abaxial 
side of one unifoliate leaf for each accession using a fine paint brush and confined to the 
leaf using clip cages (BioQuip products 1458, Rancho Dominguez CA, USA). One week 
later, aphid populations on each plant were determined and aphid quality recorded 
using a scale of 1 to 4, as done in the large-scale screening experiments. Data from the 
two experiments was combined and statistical data analysis performed by using 
Student’s t-tests to compare aphid populations among the R or MR accessions and the 
susceptible check, SD0176R. This protocol was modified from [6] with differences in 
experimental design, initial number of aphids introduced to plant, method of aphid 
confinement and data collection approach. After no-choice experiment 1, PI 181537 was 
dropped from further tests because it performed similar to the susceptible checks. 
 
Antixenosis: Antixenosis in the R or MR soybean accessions except PI 181537 
was assessed in pairwise choice experiments set up in a completely randomized design 
(20 replications for each accession), in which resistant genotypes being tested were 
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planted side by side (5.5 cm apart) with a susceptible control (Williams 82) in the same 
pots (9 cm diameter and 9 cm height). Plants were watered thrice a week. When plants 
reached the unifoliate growth stage, 10 mixed-age adult apterous aphids were placed 
on a filter paper (5.5 cm) at the center of the pot using a fine paint brush and allowed to 
move to preferred plants within a period of 24 hours. Data collection involved 
determination of the number of aphids on the resistant plant relative to the susceptible 
control in each pairwise comparison. As an internal control the Rag3 check (PI 567543C) 
which has been reported to have primarily antixenosis [14] was also tested. IA3027, an 
aphid-susceptible soybean genotype that has been reported to have antixenosis [12] 
was tested as well. The protocol used for pairwise choice experiments was previously 
described by [7, 12] with modifications on the number of soybean accessions planted in 
each pot and the distance between the plants in each pot. Data analysis involved 
conducting paired Student’s t-tests to determine statistical difference in the proportions 
(percentages) of aphids on each R or MR soybean accession relative to the susceptible 
control (Williams 82). 
 
Figures and Tables 
Table 1: Scoring criteria used for large-scale soybean accession screening experiments 
Plant score Number of aphids per plant and damage symptoms 
1 0 to 200 aphids. Plant appears normal and healthy 
2 201 to 300 aphids. Plant appears normal and healthy 
3 301 to 400 aphids. Mild damage symptoms 
4 401 to 600 aphids. Mild to moderate damage symptoms 
5 >600 aphids. No or mild damage symptoms 
6 >600 aphids. Moderate to severe damage symptoms 
 Scoring criteria was modified from Bhusal et al. (2013) and visual scoring of damage 
symptoms was done as described by Mensah et al. (2005). 
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Figure 1: Aphid quality rating in large-scale screening experiments. Aphid quality 1: Normal sized 
greenish-yellow aphids; Aphid quality 2: Normal to medium sized aphids; Aphid quality 3: Medium to 
small sized aphids; Aphid quality 4: Small pale-green aphids. 
 
 
 
Figure 2: Mean overall scores for resistant and moderately resistant soybean accessions. Across large-
scale screening experiments, mean overall scores for each accession were determined. Accessions with 
mean overall scores of 1 to 2.9 (grey bars) were considered to be resistant, those with 3 to 3.9 (stripped 
bars) were moderately resistant and those with mean overall score of ≥4 (not shown) were susceptible to 
soybean aphids. Seven checks-five resistant indicated by black bars and two susceptible (white bars) were 
included. Error bars represent the standard error. 
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Figure 3: Manhattan plot of the genome-wide association study for soybean aphid resistance (large-
scale soybean accession screening experiments). Above the threshold line, 15 significant SNPs shown in 
red were found on chromosomes Gm01, Gm10, Gm16 and Gm19. Indicated in the x axis are the 20 
soybean chromosomes and the y axis shows the negative log10-transformed P values for each SNP. 
 
 
         
         
 
 
 
Figure 4a Figure 4b 
Figure 4c Figure 4d 
Figures 4a-4f: Genomic regions containing candidate genes on Gm01, Gm10, Gm16 and Gm19 
associated with resistance to soybean aphids. The top panel shows negative log10-transformed P values 
of SNPS in this region, plotted against their physical position on the chromosome. The middle panel shows 
genes in these regions with candidate genes indicated in red. 
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Table 2: Alleles (R-resistant or S-susceptible), for each of the six peak SNPs for resistant 
and moderately resistant soybean accessions identified in large-scale screening 
experiments 
                                                      Peak significant SNPs indicated in LD block figures 
Soybean 
accession 
 
 
Mean 
overall  
score  
 
 
ss715578879 
Chromosome 1 
 
 
ss715580883 
Chromosome 1 
 
 
ss715607743 
Chromosome 10 
 
 
ss715624153 
Chromosome 16 
 
 
ss715624199 
Chromosome 16 
 
 
ss715635697 
Chromosome 19 
 
 
PI 054854 1.99 R R R R R R 
PI 378663 2.25 R R R R R R 
PI 603337A 2.37 R R R R R S 
PI 437950 2.62 S R R R R R 
PI 438031 2.62 S R R S S S 
PI 578374 3.13 S S S S S S 
PI 096162 3.13 R R S R R S 
PI 612711B 3.38 R S S S S S 
PI 540739 3.38 S S S S S S 
PI 612759C 3.38 S R S S R R 
PI 417513B 3.51 R S R S S S 
PI 592908 3.63 R S R R R S 
PI 603587A 3.63 S R R S S S 
PI 603546A 3.76 S R S S S S 
PI 181537 3.76 R R S R R S 
PI 567351A 3.88 S R S S S S 
Cells with resistant alleles are highlighted in green. 
 
Figure 4e Figure 4f 
Figure 4: continued 
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Figure 5: No-choice experiments to determine soybean accessions with antibiosis. Mean aphid numbers 
for resistant and moderately resistant soybean accessions. At the initial aphid population of 10 aphids per 
plant, 10 PI lines had antibiosis (6 resistant- grey bars and 4 moderately resistant-stripped bars). Student’s 
t-tests (Two-Sample Assuming Unequal Variances) were conducted for each accession and SD01-76R, the 
internal susceptible control. Three resistant checks indicated by black bars and two susceptible checks 
shown by white bars were included. The symbol, “ⱡ”
 
shown next to the some accessions on the x axis 
denotes previously reported R or MR PI lines. Data is combined from two experiments in which lines 
performed similarly. Significance level: ***, and ** indicates P value <0.001 and < 0.01 respectively. Error 
bars represent the standard error. 
 
 
 
 
Figure 6: Pairwise choice experiments to determine identified resistant soybean accessions with 
antixenosis. Student’s t-tests (Paired Two Sample for Means) were used to determine which soybean 
genotype was significantly preferred by soybean aphids in each pairwise comparison. PI lines marked with 
asterisks had significantly fewer proportions (expressed as percentages) of aphids compared to the 
susceptible control (Williams 82). Overall, 7 PI lines (4 resistant-grey bars and 3 moderately resistant-
*** 
*** 
*** 
*** 
*** 
*** 
*** 
* 
* 
Resistant or MR soybean accession Williams 82 (Susceptible control)  
*** 
*** *** *** *** *** 
*** *** 
*** 
** ** 
** 
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stripped bars) had antixenosis. PI 417513B, a moderately resistant PI line showed the opposite of the 
expected trend. Significance level: ***and * indicates P value <0.001 and <0.05 respectively. Error bars 
represent the standard error. 
 
 
       Table 3: Summary of findings from GWAS study 
Soybean 
accession 
 
 
 
Mean overall 
score (large-
scale screening 
experiments) 
 
 
Category 
 
 
 
 
 
Type of aphid resistance 
 
Number of 
resistant alleles 
for the six SNPs 
(Table 2) 
PI 200538  1.04 Resistant check (Rag2) 
Primarily antibiosis*** NA 
LD16060 1.08 Resistant check (Rag1) 
Primarily antibiosis NA 
PI 054854 1.16 
Resistant 
Antibiosis *** and weak 
antixenosis trend (P=0.07) 
6 
PI 548663  1.18 Resistant check (Rag1) 
Primarily antibiosis*** NA 
PI 378663ⱡ 1.50 Resistant 
Antibiosis only*** 6 
PI 603337A 1.60 Resistant 
Antibiosis*** and antixenosis*** 5 
PI 567543C 1.71 Resistant check (Rag3) 
Antibiosis*** antixenosis NA 
PI 437950 1.99 Resistant 
Antibiosis*** and antixenosis*** 5 
PI 438031 2.00 Resistant 
Antibiosis*** and antixenosis*** 2 
PI 567541B 2.54 Resistant check (rag4) 
Primarily antibiosis*** NA 
PI 578374 2.66 Resistant 
None (both not significant) 0 
PI 096162 2.66 Resistant 
Antibiosis*** and antixenosis*** 4 
PI 612711B 3.00 Moderately resistant 
Antixenosis only* 1 
PI 540739 3.00 Moderately resistant 
Antibiosis only** 0 
PI 612759C 3.00 Moderately resistant 
Antibiosis only** 3 
PI 417513B 3.16 Moderately resistant 
Genotype showed increased 
preference by aphids* 
2 
PI 592908 3.33 Moderately resistant 
Antibiosis*** and antixenosis*** 4 
PI 
603587Aⱡ 3.33 Moderately resistant 
Antibiosis only** 2 
PI 
603546Aⱡ 3.5 Moderately resistant 
None (both not significant) 1 
PI 181537 3.52 
Moderately resistant 
None (antixenosis not tested due 
to elimination) 
4 
PI 567351A 3.66 Moderately resistant 
Antixenosis only*** 1 
SD01-76R 4.66 Susceptible check 
NA NA 
Williams 
82 
4.71 
Susceptible check 
NA NA 
IA3027 Not tested Susceptible check 
Weak antixenosis trend (P=0.07) NA 
Resistant, moderately resistant soybean accessions and checks. Mean overall scores 
from large-scale soybean accession screening experiments and type of aphid resistance 
possessed by each soybean accession.  ⱡ denotes PI lines that were previously reported 
as R or MR to soybean aphids. Significance level: ***, **and* indicates P value <0.001; < 
0.01 and <0.05 respectively. 
Figure 6 caption: continued 
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Additional Figures and Tables  
Additional Table 1: Response variables recorded for large-scale screening experiments 
 
Response variable Trait Rating  
Aphid populations  Aphid populations per 
plant 
Number of aphids on each plant was 
counted and recorded 
Plant damage symptoms 
 
 
 
Plant damage symptoms 
Leaf yellowing 
 
 
1- No symptoms 
2- Mild symptoms 
3- Moderate symptoms 
4- Severe symptoms 
 
Leaf discoloration 
1- No symptoms 
2- Mild symptoms 
3- Moderate symptoms 
4- Severe symptoms 
Leaf curling Yes or No 
Plant stunting Yes or No 
 
 
Aphid quality 
 
 
Aphid quality 
1- Normal sized greenish-yellow 
aphids 
2- Normal to medium sized aphids  
3- Medium to small sized aphids  
4- Small pale-green aphids 
General observations on 
plant 
Honeydew Mild or a lot of honey dew 
 
General observations on 
plant 
Cast skins Few or many 
 
General observations on 
plant 
Dead aphids Few or many 
 
General observations on 
plant 
Sooty mold Present or absent 
 
 
 
Additional Table 2: ANOVA for overall score  
Source DF Sum of Squares Mean 
Square 
F Value Pr > F 
Model 310 699.64 2.25 5.13 <.0001 
Error 619 272.57 0.44     
Corrected Total 929 972.21       
SAS Version 9.4 was used 
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Additional Figure 1: Histogram for overall score for all soybean accessions in large-scale screening 
experiments. 
 
 
 
Additional Figure 2: Mean overall scores for all soybean accessions used in large-scale screening 
experiments. Number of accessions tested=308. Seven checks (five resistant and two susceptible) were 
included. Ninety four percent of the accessions tested were susceptible to soybean aphids (biotype 1) 
(mean overall score ≥ 4.0) while 6% (16 accessions) were resistant (mean overall score 1-2.9) or had 
moderate aphid resistance (mean overall score 3-3.9). 
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Additional Figure 3: Resistant soybean accessions that showed a density-dependent trend in large-scale 
screening experiments in MG I. Accessions marked with asterisks above the bars had higher scores when 
200 aphids were initially introduced to each plant but had lower scores when 10 aphids were initially 
introduced to each plant. Mean overall scores for each soybean accession were normalized to resistant 
checks. 
 
 
Additional Table 3: Significant SNPs detected on Gm01, Gm10, Gm16 and Gm19  
SNP Chromosome Position P.value maf r2 
ss715578879* 1 2812412 0.000117578 0.224422442 0.043769 
ss715580883* 1 979924 0.000164402 0.264026403 0.041861 
ss715607743* 10 47996038 5.94E-05 0.293729373 0.047686 
ss715607748 10 48012465 7.16E-05 0.303630363 0.046606 
ss715624199* 16 29940504 1.46E-05 0.387788779 0.055809 
ss715624153* 16 29585337 2.69E-05 0.396039604 0.052252 
ss715624125* 16 29502854 4.98E-05 0.409240924 0.048692 
ss715624147 16 29571529 4.98E-05 0.409240924 0.048692 
ss715624151 16 29582263 4.98E-05 0.409240924 0.048692 
ss715624130 16 29517407 0.000190706 0.397689769 0.041019 
ss715624127 16 29511356 0.000196663 0.334983498 0.040845 
ss715624181 16 29707327 0.00020012 0.407590759 0.040746 
ss715624192 16 29870849 0.000231052 0.409240924 0.039933 
ss715624185 16 29738349 0.000232733 0.402640264 0.039892 
ss715635697* 19 4734611 0.000103846 0.171617162 0.044478 
Based on the linkage disequilibrium (r2>0.7), these SNPs (N=15) were grouped in to six 
LD blocks with select SNPs marked with asterisks above representing the other SNPs on 
the same chromosome in each block. 
 
Experiment 1; 200 aphids per plant Experiment 2; 10 aphids per plant 
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Abstract  
Background: The great yield losses that result from damage by soybean aphids 
cannot be underestimated. Including aphid-resistant soybean varieties in integrated 
pest management is essential for optimum soybean production. The Resistance to Aphis 
glycines (Rag) 1 and Rag2 genes are the most studied to date both at the phenotypic 
and molecular levels. Gene pyramiding is currently used to mitigate the problem of 
virulent aphid biotypes on resistant soybean. Although the effect of pyramiding Rag1 
and Rag2 has been examined at the phenotypic level, the molecular mechanisms of 
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increased resistance in the Rag1Rag2 soybean genotype are still unknown. We used 
RNA-seq to determine if the effect of pyramiding Rag1 and Rag2 in one soybean 
genotype leads to an additive or synergistic effect on aphid resistance at the molecular 
level. The transcriptional response of four near-isogenic soybean genotypes (three 
resistant: one with both Rag1 and Rag2 genes, one with the Rag1 gene alone, one with 
the Rag2 gene alone and a susceptible control) to feeding by soybean aphids was 
determined 6 or 12 hours after soybean aphid feeding.  
 
Results: The Rag1Rag2 genotype had unique sets of differentially expressed 
genes at both time points, indicating that the molecular effect of pyramiding Rag1 and 
Rag2 is synergistic. Six hours after aphid feeding, each soybean genotype had 
differential regulation of genes involved in distinctive biological processes, but 
processes were common among genotypes after 12 hours. The distinctive Rag1Rag2 
response involved several defense-related biological processes (phytohormone (JA and 
SA) biosynthesis/signaling, incompatible interaction and cell wall among others) while 
the unique Rag1 response involved chloroplast-related biological processes. The Rag2 
response primarily involved chalcone biosynthesis. The susceptible response involved 
induction of genes playing a role in starch and maltose biosynthesis. The Rag1Rag2 
synergistic response involved upregulation of defense transcripts and downregulation of 
photosynthesis-related transcripts.  
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Conclusion: Our results show that the Rag1Rag2 response to soybean aphid 
feeding is different from that of Rag1-alone or Rag2-alone, confirming that feeding by 
soybean aphids causes activation of different defense pathways compared to genotypes 
with individual genes. The Rag1Rag2 synergistic response to soybean aphid feeding 
primarily occurred early (at 6 hours), suggesting that it might be time-dependent. 
 
Key words: Synergistic effect, Gene pyramiding, Rag genes, Aphid resistance, Soybean 
aphids, Soybean and RNA sequencing. 
 
Background 
Soybean (Glycine max (L.) Merr.) is a versatile crop of very high nutritive and 
economic value, significantly contributing to improvement of farmers’ livelihoods 
worldwide as a source of protein, oil and biofuel [1]. One of the most economically 
damaging pests of soybeans in the United States is the soybean aphid (Aphis glycines), 
an invasive insect species [2, 3]. Soybean aphids use their stylets to stealthily feed from 
the plant phloem, siphoning assimilates such as sugars and amino acids from the plant 
for their nutrition and causing yield losses of up to 50% especially in susceptible 
varieties [3]. One of the management options utilized in integrated pest management 
(IPM) systems is cultivation of resistant soybean varieties [4, 5]. Resistance to soybean 
aphids is provided by Resistance to Aphis glycines (Rag) genes. In the United States, 
eight Rag genes have been identified to date [6]. The Rag1 and Rag2 genes have been 
the most studied both at the phenotypic and molecular levels.  
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Since plants are sessile organisms that cannot escape from attackers such as 
insect pests and pathogens, they respond by induction of defense responses. Plant 
defense responses primarily consist of morphological, biochemical and molecular 
mechanisms largely involving phytohormone signaling networks [7-9]. Phytohormones 
that mainly regulate plant responses to both biotic and abiotic stresses include jasmonic 
acid (JA), salicylic acid (SA), ethylene (ET) and abscisic acid (ABA) [8, 10-12]. Feeding by 
soybean aphids induces several defenses in the soybean plant, with resistant and 
susceptible plants responding differently to aphid feeding. In soybean, the molecular 
mechanisms by which the Rag1 and Rag2 genes independently confer aphid resistance 
have been studied [13-15]. The Rag1 response to aphid feeding involved transcripts 
related to cell wall, plant defense, DNA/RNA, secondary metabolism and signaling [13]. 
The Rag2 transcriptional response to aphid feeding involved upregulation of genes 
involved in cell wall, secondary metabolism, hormone metabolism and stress signaling 
while transcripts involved in carbon metabolism and photosynthesis were 
downregulated [15]. However, the discovery of soybean biotypes [16-19] that can 
successfully colonize resistant soybean genotypes threatens future utilization of current 
resistance sources in IPM. 
 
The Rag1 gene was the first resistance gene to be identified in the soybean 
cultivars Dowling [20, 21] and Jackson [16]. Rag2 was identified in two plant 
introductions PI 243540 [22] and PI 200538 [23]. Rag3 and rag4 were identified in PI 
567541B and PI 567543C [24, 25] and the Rag5 gene was identified in PI 567301B [26]. 
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There are three types of resistance to insects: antibiosis (adverse effect on insect 
biology), antixenosis (non-host preference) and tolerance (similar yield in presence or 
absence of the insect) [20, 27]. Both the Rag1 and Rag2 genes have been shown to 
primarily confer an antibiosis type of aphid resistance [6].The Rag1 gene is located in a 
115 kb interval on chromosome 7 [28] and Rag2 is located in a 54 kb interval on 
chromosome 13 [29]. Both these regions contain NBS-LRR genes which have been 
proposed as candidates for the resistance genes [15, 30]. Characterization of the 
structure and molecular mechanisms by which Rag genes confer aphid resistance is still 
ongoing. 
 
One effective strategy that has been used to suppress virulent aphid biotypes in 
soybean is gene pyramiding [31, 32]. Phenotypic studies showed reduced aphid 
populations in the soybean genotype containing both the Rag1 and Rag2 genes [31, 33, 
34] compared to genotypes containing either gene alone. However, the molecular effect 
of increased resistance in the Rag1Rag2 soybean genotype is still unknown. We 
hypothesized that the dual presence of Rag1 and Rag2 aphid resistance genes in one 
soybean genotype results in an additive or synergistic effect on aphid resistance at the 
molecular level, leading to the stronger resistance to aphids observed at the phenotypic 
level. To test this hypothesis, we conducted an expression study using RNA sequencing 
(RNA-seq) to determine the molecular response of four near-isogenic soybean 
genotypes (three aphid-resistant and one aphid-susceptible) to feeding by soybean 
aphids after 6 or 12 hours. These soybean genotypes have 93.25% similarity in genetic 
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background. The soybean genotypes were: IA3027RA12 which contains both the Rag1 
and Rag2 genes, IA3027RA1 which has Rag1 alone, IA3027RA2 which has Rag2 alone 
and IA3027, the susceptible control. These soybean genotypes are referred to as 
Rag1Rag2, Rag1, Rag2 and Susceptible, respectively. This study compared the 
molecular response of each soybean genotype to aphid feeding at the global level. The 
overall objective of this study was to characterize the molecular basis of increased 
resistance to soybean aphids that results from pyramiding the Rag1 and Rag2 genes in 
one soybean genotype. 
 
Results 
To characterize the molecular effect of pyramiding aphid resistance genes in 
soybean, the transcriptional response of single and double pyramid soybean genotypes 
to aphid feeding was assessed using no-choice growth chamber experiments that tested 
the four near-isogenic soybean genotypes. After 6 or 12 hours of treatment, leaf 
samples were collected from both aphid-treated and mock-treated plants and RNA 
samples prepared for sequencing. RNA-seq was conducted to assess the transcriptional 
response of each soybean genotype to aphid feeding.  
 
Prior to using these soybean genotypes for RNA-seq, no-choice experiments 
were conducted to examine aphid performance on each of the four soybean genotypes 
starting with an initial aphid population of 30 mixed-age adult apterous aphids (biotype 
1) per plant (the V3 middle leaflets). As expected, the Rag1Rag2 soybean genotype 
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significantly reduced aphid populations compared to genotypes with the Rag1 or Rag2 
gene alone, both of which had significantly fewer aphids compared to the susceptible 
control one week after aphid infestation (Figure 1). There were no significant 
differences in aphid populations between soybean genotypes that contained the Rag1 
or Rag2 gene alone. These results are consistent with previous studies which reported 
that resistant soybean genotypes containing both the Rag1 and Rag2 genes were more 
resistant to soybean aphids compared to the soybean genotypes with Rag1 or Rag2-
alone [31, 33, 34].  
 
Transcriptional response to feeding by soybean aphids  
After confirming the respective aphid phenotypes for each of the four soybean 
genotypes, the transcriptional response of each genotype to soybean aphid feeding was 
measured at the 6 or 12 hours using RNA-seq. Data analysis followed the pipeline 
detailed in the Materials and Methods section. In total, 1,042,480,636 reads were 
generated from 48 leaf samples, with an overall mapping rate of >95% with reference to 
version 2 of the Williams 82 soybean genome [92]. Data analysis to compare aphid-
treated versus mock-treated leaf samples (aphid/mock) for each soybean genotype was 
done by determination of differentially expressed (DE) genes in each comparison using a 
false discovery rate (FDR) <0.05. Induced or repressed genes were determined based on 
whether the log2 fold change was positive (for induced genes) or negative (for 
repressed genes). In total, 4646 genes responded to soybean aphid feeding in one or 
more of the four soybean genotypes for the eight (aphid versus mock) comparisons 
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made for both time points. Figure 2 shows the total number of induced or repressed DE 
genes for each aphid versus mock comparison at each time point. At 6 hours, the 
resistant response was stronger compared to the susceptible response for all the three 
aphid-resistant soybean genotypes tested. In contrast, at the 12 hour time point (Figure 
2), the number of DE genes was similar among the four soybean genotypes. At the 12 
hour time point, the majority of the DE genes (>70 %) were repressed for all four 
soybean genotypes (Figure 2). 
 
Examining the molecular effect of pyramiding Rag1 and Rag2 genes at the global level  
In relation to our previously proposed additive or synergistic hypothesis of gene 
pyramiding, we examined the effect of pyramiding the Rag1 and Rag2 aphid resistance 
genes in one soybean genotype by comparing DE genes using both quantitative and 
qualitative approaches. In the quantitative approach, we expected to find no DE genes 
unique to the Rag1Rag2 response to soybean aphid feeding, because the DE genes in 
the double pyramid would be the sum of DE genes in the Rag1 response and the Rag2 
response. Additionally, in the quantitative approach, we expected the double pyramid 
to have the same DE genes involved in the Rag1-alone or Rag2-alone response, but with 
the magnitude of differential expression (induction or repression) being higher than the 
sum of that of the individual genes. On the other hand, the qualitative approach would 
show DE genes that were unique to the Rag1Rag2 response, but absent in the Rag1-
alone or Rag2-alone response to soybean aphid feeding. The qualitative approach was 
mainly utilized for our analysis because the results were more evident. A comparison of 
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overlap of DE gene lists of all four soybean genotypes to aphid feeding using Venn 
diagrams revealed unique and common gene sets at each time point (Figures 3a and 
3b). Interestingly, the Rag1Rag2 soybean genotype had unique sets of genes at both 
time points (1000 genes at 6 hours and 259 genes at the 12 hour time point), leading to 
conclusion that pyramiding the Rag1 and Rag2 genes in one soybean genotype results in 
a synergistic effect on aphid resistance at the molecular level. The DE genes unique to 
the Rag1Rag2 response are referred to as synergistic genes in this manuscript. The 
Rag1Rag2 synergistic response to soybean aphid feeding comprised of 64.6% of the DE 
genes at 6 hours and 18.6% of the DE genes at the 12 hour time point. There was a 
fivefold increase in the number of DE genes that were common to all four soybean 
genotypes at 12 hours when compared to the 6 hour time point. The number of other 
unique and common DE genes varied among respective comparisons (Figures 3a and 
3b). 
 
Clustering analysis 
Cluster analysis was conducted for all DE genes that were modified by aphid 
feeding in all aphid versus mock comparisons (4646 genes in total). The DE genes 
modified by aphid feeding clustered by time point (Figure 4; Additional Figure 1). 
Interestingly, the cluster dendrogram (Additional Figure 1) showed that at 6 hours, the 
transcriptional response of Rag1Rag2 was somewhat closer to that of Rag2 while at the 
12 hour time point the Rag1Rag2 response was closer to the Rag1 response. Based on 
similarity in gene expression pattern, DE genes grouped in to six clusters (Figure 4). 
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Expression patterns for DE genes on the clustering heat map showed a characteristic set 
of genes that were induced by aphid feeding at 6 hours in all the four soybean 
genotypes but repressed at the 12 hour time point (clusters 1 and 4). Another set of 
genes were mostly repressed at 6 hours but induced 12 hours after aphid feeding 
(clusters 2 and 5) (Figure 4). In the heatmap, there were regions with distinctive 
expression patterns in the 6 hour Rag1Rag2 response and these contained the 
synergistic genes with two prominent distinctive regions located in clusters 2 and 3 
(Additional Figure 2). The distinctive region in cluster 2 had DE genes that were strongly 
repressed in the Rag1Rag2 response only but not modified by aphid feeding in the other 
three soybean genotypes. In cluster 3, the distinctive region contained DE genes that 
were strongly induced in the Rag1Rag2 response only. The rest of the synergistic genes 
were distributed among the clusters with differences in expression patterns.  
 
Comparison of within genotype DE genes modified by aphid feeding across time points 
To determine if DE genes modified by aphid feeding during the response of each 
soybean genotype to aphid feeding at both time points were the same or different, gene 
lists (aphid versus mock) for each soybean genotype were compared. Overall, there was 
very little overlap of DE genes for each genotype at both time points (<6%) with in each 
soybean genotype. The number of DE genes that were common at both time points for 
each soybean genotype was: 38 for the susceptible genotype, 108 for the Rag1 
genotype, 114 for the Rag2 genotype and 108 for the Rag1Rag2 soybean genotype. 
Within each soybean genotype, some of the DE genes had the same direction (induction 
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or repression) at both time points but others had opposite directions (induced at 6 
hours but repressed at the 12 hour time point or vice versa). The very little overlap of DE 
genes between the two time points for each soybean genotype indicates distinctiveness 
of the response to aphid feeding at each time point. 
 
Determination of biological processes modified by aphid feeding in each soybean 
genotype 
Although the global analysis revealed unique DE genes involved in the Rag1Rag2 
response to aphid feeding, it was vital to establish if the synergistic genes were 
regulating the same biological processes as those modified in the Rag1 or Rag2 
response or if there were biological processes unique to the Rag1Rag2 synergistic 
response. Gene ontology (biological processes) that were significantly overrepresented 
at P<0.05 (the number of DE genes in a specific category is higher than the given 
representation of that gene ontology term in the soybean reference genome) were 
identified for each comparison. Six hours after aphid feeding, distinctive biological 
processes were significantly overrepresented in the response of each soybean genotype 
to aphid feeding with only a few similar processes among them (Figure 5a; Additional 
Table 1a). The distinct Rag1Rag2 response involved phytohormone (JA and SA) 
mediated signaling (GO:0009867; GO:0009862), SA biosynthesis (GO:0009697), 
secondary cell wall biogenesis (GO:0009834), regulation of plant-type hypersensitive 
response (GO:0010363), regulation of hydrogen peroxide metabolism (GO:0010310), 
defense response, incompatible interaction (GO:0009814), systemic acquired resistance 
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(GO:0009862), detection of biotic stimulus (GO:0009595), MAPK cascade (GO:0000165) 
and regulation of multi-organism process (GO:0043900), among others. For each of 
these categories the number of genes observed in Rag1Rag2 is more than observed for 
Rag1 or Rag2. The Rag1 response distinctly involved biological processes related to 
chloroplasts i.e. chloroplast organization (GO:0009658), chloroplast RNA processing 
(GO:0031425) and protein targeting to chloroplast (GO:0045036), among others. 
Chalcone biosynthesis (GO:0009715) and response to gravity (GO:0009629) were both 
uniquely overrepresented in the Rag2 response. For each of the three aphid-resistant 
soybean genotypes, the majority of the defense related transcripts were induced 
(Additional Table 1a). In the susceptible response, no defense-related GO term was 
significantly overrepresented at 6 hours. However, the unique susceptible response 
involved starch and maltose biosynthesis (GO:0019252; GO:0000024) with the DE genes 
being mostly induced. Contrary to findings for the response at the 6 hour time point, 
biological processes modified by aphid feeding after 12 hours were mostly similar 
among the four soybean genotypes (Figure 5b). Eleven out of 24 overrepresented GO 
terms at the 12 hour time point were common to all four soybean genotypes. Of these, 
six were related to plant defense responses including: calcium ion transport 
(GO:0006816), regulation of hormone levels (GO:0010817), response to hormone 
stimulus (GO:0009725), regulation of nematode larval development (GO:0061062), cell 
wall organization (GO:0071555) and plant-type cell wall biogenesis (GO:0052541) 
(Figure 5b). For most of the common GO terms, the DE genes were repressed in all 
soybean genotypes (Additional Table 1b). Overall, a distinctive transcriptional response 
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for each soybean genotype was observed 6 hours after aphid feeding while at the 12 
hour time point, the biological processes modified by aphid feeding were similar among 
the four soybean genotypes tested. Although common biological processes were 
examined at the 12 hour time point, photosynthesis and light harvesting (GO:0009765) 
was modified in only the susceptible genotype with 9 out of 10 DE genes being 
repressed. GO analysis indicated that in the 6 hour Rag1Rag2 response, new biological 
functions that were not statistically significant in the Rag1 or Rag2 response are 
activated during feeding by soybean aphids.  
 
Biological processes modified by soybean aphids in the Rag1Rag2 synergistic response 
To examine the biological processes regulated by the synergistic genes in the 
Rag1Rag2 soybean genotype, GO analysis was conducted for DE genes that were unique 
to the Rag1Rag2 soybean genotype at both time points (Figure 3). For the 1000 unique 
transcripts at the six hour time point, 13 GO terms (biological process) were significantly 
overrepresented (Table 1) while 12 hours after aphid feeding, there were no 
significantly overrepresented GO terms identified. A number of significantly 
overrepresented GO terms for the 6 hour synergistic response were related to plant 
defense (secondary cell wall biogenesis-GO:0009834, regulation of multi-organism 
process-GO:0043900, detection of biotic stimulus-GO:0009595, systemic acquired 
resistance, SA mediated signaling-GO:0009862 and MAPK cascade-GO:0000165) with 
most of the DE genes in each defense category being induced by aphid feeding (Table 1). 
In contrast, the majority of transcripts involved in photosynthesis-related biological 
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processes (photosynthesis, light harvesting-GO:0009765, light reaction GO:0019684, 
photosystem II assembly-GO:0010207 and chlorophyll biosynthesis-GO:0015995) were 
repressed in the Rag1Rag2 soybean genotype, 6 hours after aphid feeding (Table 1). The 
location of DE gene sets involved in the described specific biological processes was 
determined in each of the clusters on the heatmap to reveal regions where respective 
transcripts were located in the unique Rag1Rag2 response. The majority of transcripts 
involved in defense-related GO terms were distributed in clusters 1, 2 and a few were in 
cluster 3. Most of the photosynthesis-related transcripts were located in cluster 2, in the 
distinctive region with strongly repressed transcripts unique to only the double pyramid 
(Additional Table 2; Additional Figure 2). An interesting observation was that 14 out of 
17 highly induced DE genes involved in secondary cell wall biogenesis were located in 
cluster 3, in the distinctive region that was identified in the Rag1Rag2 soybean genotype 
in the heatmap (Additional Table 2; Additional Figure 2). Additionally, a comparison 
between the 6 hour synergistic genes and gene lists for all the 12 hour comparisons 
showed that 905 of the synergistic genes were unique to the Rag1Rag2 response 
(Additional Figure 3). This further confirmed the uniqueness of the Rag1Rag2 response 
to aphid feeding when compared to the other three soybean genotypes tested. 
 
Identification of transcription factors regulating the Rag1Rag2 synergistic response to 
aphid feeding 
To determine which transcription factors were involved in the Rag1Rag2 
synergistic response to soybean aphid feeding, we utilized the SoyDB transcription 
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factor database [35] to identify DE genes belonging to respective transcription 
factor families in each aphid versus mock comparison at both time points. 
Expression patterns of the transcription factors were similar to previous 
observations for all DE genes modified by aphid feeding in each aphid versus mock 
comparison (Figure 2) i.e. different responses among genotypes at 6 hours but similar 
response at 12 hours (Figure 6). Overall, the 522 transcription factors that responded to 
feeding by soybean aphids across all four soybean genotypes at both time points 
belonged to 12 transcription factor families and were mostly the same for both time 
points. These transcription factor families included: MYB/HD-like (76), bHLH (50), WRKY 
(39), Homeodomain/HOMEOBOX (30), BZIP (28), AP2-EREBP (27), C2C2 (Zn) CO-like (27), 
C2H2 (Zn) (27), TPR (24), NAC (18), JUMONJI (7) and ZIM (2) (Figure 6). The number of 
DE transcription factors in each family for our data set is indicated in parenthesis. 
 
In the 6 hour response, we identified DE genes that belonged to 10 transcription 
factor families including: ZIM, WRKY, TPR, NAC, MYB/HD-like, JUMONJI, 
Homeodomain/HOMEOBOX, C2C2 (Zn) CO-like, bHLH and AP2-EREBP (Figure 6). While 
transcripts belonging to most of the other transcription factor families had mixed 
expression patterns, genes in the WRKY transcription factor family were highly induced 
in the resistant response to aphid feeding (Figure 6). WRKY transcription factors are 
involved in defense responses in plants [36-43]. Consistent with our previously observed 
synergistic effect of gene pyramiding, the Rag1Rag2 soybean genotype had the highest 
number of WRKY transcription factors (30 WRKYs) compared to Rag2-alone which had 
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17 WRKYs or Rag1-alone which had 10 WRKYs while the susceptible control had only 4 
WRKY transcription factors, some of which were repressed (Additional Table 3). 
Although two of the WRKY transcription factors were common to all four soybean 
genotypes (Additional Figure 3), some of them were unique to each genotype. The 
Rag1Rag2 soybean genotype had unique differential regulation of 17 out of 30 WRKYs 
(56.7%), a confirmation that the already observed synergistic effect of gene pyramiding 
is also observed at the transcription factor level (Additional Figure 4). There was 
an induction of two transcription factors in the ZIM family in all three resistant 
genotypes, with the magnitude of induction being highest in the Rag1Rag2 response 
(Figure 6). JASMONATE-ZIM-DOMAIN (JAZ) proteins have been characterized as 
repressors of the JA signaling pathway [44]. The observed expression patterns for the 
WRKY and ZIM transcription factors suggests that in addition to the unique Rag1Rag2 
response to soybean aphid feeding, there is also a stronger response in the double 
pyramid compared to genotypes the other two resistant genotypes tested. 
 
At the 12 hour time point, transcription factors belonging to 10 families 
responded to aphid feeding (WRKY, TPR, NAC, MYB/HD-like, C2H2 (Zn), 
Homeodomain/HOMEOBOX, C2C2 (Zn) CO-like, BZIP, bHLH and AP2-EREBP) (Figure 6). 
WRKY transcription factors were induced at very high magnitudes in all the three 
resistant soybean genotypes unlike the susceptible genotype. Strong repression of 
transcripts belonging to three transcription factor families (BZIP, bHLH, and AP2-EREBP) 
in all the four soybean genotypes was very conspicuous (Figure 6). With regard to 
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transcription factors modified by soybean aphid feeding, the transcriptional response is 
different among the four soybean genotypes at 6 hours but comparable among them at 
the 12 hour time point.  
 
Although we examined the genetic differences that existed among the four 
soybean genotypes tested in this study by comparison of mock samples for each of 
them (data not shown), the number of DE genes for all comparisons was very small 
compared to that observed in the treatment effect. This could be due to the fact that 
the soybean genotypes tested in this study are near-isogenic and have 93.25% similarity 
in genetic background [31]. 
 
Discussion and Conclusions 
This is the first study to report the synergistic effect of pyramiding two aphid-
resistance genes in soybean at the transcriptome level. Although the effect of gene 
pyramiding has been widely investigated at the phenotypic level for crops such as 
soybean, rice, potato and wheat, to our knowledge, this type of interaction has not been 
investigated in crops at the molecular level. Plant breeders have utilized gene 
pyramiding to develop more durable resistant crop cultivars against both insect pests 
and pathogens compared to genotypes that contain single resistance genes. For 
instance, resistant cultivars containing multiple genes have been developed to 
effectively protect plants against soybean aphids [31, 32], Soybean mosaic virus [45], 
bacterial blight and blast in rice [46-48], late blight of potato [49-51], wheat leaf and 
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stem rust [52, 53]. Although the mechanisms by which gene pyramiding increases 
durability of resistance are still elusive, it has been proposed that it could be due to a 
reduction in the probability of insect or pathogen mutation in to virulent biotypes or 
strains, effect of gene number, higher fitness advantage or residual effects of defeated 
major genes [53]. Our findings from aphid phenotyping no-choice experiments were 
comparable to previous studies that reported significantly fewer aphid populations on 
the soybean genotype containing both the Rag1 and Rag2 genes compared to soybean 
genotypes containing Rag1-alone or Rag2-alone [31, 33, 34]. The presence of gene sets 
that were unique to the Rag1Rag2 response at both time points and the distinctive 
biological processes that were significantly over represented in only the Rag1Rag2 
response at the 6 hour time point strongly supported our hypothesis that pyramiding 
Rag1 and Rag2 in one soybean genotype leads to a synergistic effect on aphid resistance 
at the molecular level. All of these findings indicated that the dual presence of Rag1 and 
Rag2 aphid resistance genes in one soybean genotype resulted in a different 
transcriptional response compared to that of Rag1-alone or Rag2-alone, which cannot 
be accounted for simply by the addition of the Rag1 and Rag2 responses. Interestingly, 
at the later time point (12 hours), there were no significantly overrepresented GO terms 
in the Rag1Rag2 response, confirming that the differential resistant response of this 
soybean genotype occurs earlier, at the 6 hour time point. Due to the costly nature of 
induced plant defense responses [54], it is not surprising that transcripts involved in 
defense-related biological processes, most of which are regulated by phytohormones 
such as JA, SA and ET [10, 12] were repressed after 12 hours of aphid feeding, perhaps 
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because levels of proteins involved in the resistant response had accumulated to 
sufficient levels to suppress further aphid population growth. 
 
Our observation that the plant defense-related biological processes involved in 
the Rag1Rag2 synergistic response to soybean aphid feeding occurred at the 6 hour 
time point but not at 12 hours is consistent with previous molecular studies that have 
characterized the resistant response to feeding by soybean aphids. Previous studies [13] 
showed an early resistant response to soybean aphids while comparing the resistant 
cultivar (Dowling-Rag1) and susceptible cultivar (Williams 82), 6 hours post aphid 
feeding. However at later time points (24 hours and 168 hours) after aphid feeding, 
there was almost no observable resistant response in the aphid-resistant soybean 
cultivar LD16060 even though both Dowling and LD16060 have the Rag1 aphid 
resistance gene [14]. Though this study shows that the 12 hour response to aphid 
feeding involved a comparable number of DE genes between the resistant genotypes 
and the susceptible control, aphid phenotypes differed among the four near-isogenic 
soybean genotypes. This could be due to the ability of soybean aphids to avoid defense 
responses that are deployed late in the susceptible interaction (Kanobe dissertation 
2012). The cluster dendrogram showed that the Rag1Rag2 transcriptional response to 
aphid feeding was somewhat closer to that of the Rag2 genotype at 6 hours but closer 
to the Rag1 response at 12 hours, suggesting that modification of transcripts associated 
with the Rag2 resistance likely occurs earlier compared to transcripts involved in the 
Rag1 response in the double pyramid soybean genotype. This result suggests some 
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hierarchical order in the Rag1Rag2 response, with Rag2 having more influence on the 
early response. However, it is evident that the Rag1Rag2 response is not controlled by 
each gene individually and that some interaction between the Rag1 and Rag2 defense 
pathways exists in the double pyramid.  
 
The GO analysis for the 6 hour response to soybean aphid feeding revealed 
distinctive biological processes in each soybean genotype. The unique Rag1Rag2 
response involved upregulation of several defense-related processes including 
phytohormone (JA and SA) signaling and/or biosynthesis. The role of phytohormones 
and their derivatives in biotic plant-insect or pathogen interactions has been widely 
studied [8, 55-57]. A few soybean-aphid interaction transcriptome studies have 
reported the roles of phytohormone biosynthesis and signaling pathways in plant 
defense [13, 14] but the exact role of these phytohormones in the resistant response to 
soybean aphid feeding is not yet well understood. Phytohormones play an important 
regulatory role in response to both biotic and abiotic plant stresses [10]. Jasmonic acid 
has been reported to be mainly involved in defense against a wide array insect 
herbivores and necrotrophic pathogens [58-60] while SA mainly activates defenses 
against biotrophic and hemibiotrophic pathogens but also induces systemic acquired 
resistance [10]. Phloem feeding insects such as aphids and whiteflies activate JA- and 
SA-related defenses in plants [12, 61]. The roles of phytohormone-related transcripts 
involved in the Rag1Rag2 response to soybean aphid feeding identified in our study are 
yet be further characterized. However, it is important to note that during 
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phytohormone signaling, the balance between levels of the different phytohormones 
(JA, SA, ET, Auxin, ABA, GA, CK and BR) and their derivatives during the crosstalk results 
in specific responses to both biotic and abiotic stresses [11, 62, 63]. In the Rag1Rag2 
response, there was also upregulation of transcripts involved in the mitogen-activated 
protein kinase (MAPK) signaling cascade. Not only are MAP kinases involved in PAMP-
triggered immunity (PTI), in which they transduce extracellular stimuli in to the plant cell 
but they are also vital for effector-triggered immunity (ETI) by acting as guardees for 
resistance proteins [64, 65]. Several other studies have also reported the role of MAPK 
signaling in defense against plant pathogens [66-69]. In Arabidopsis, MPK3, MPK4, MPK6 
and MPK11 have been associated with plant immunity. All of these MAPK signaling 
events related to stress signaling are regulated by plant hormones [65]. Plants under 
herbivore attack activate MAPK signaling, which modifies levels of phytohormones (JA 
and ET), playing a vital role in resistance against herbivores [70, 71]. In tomato, three 
MAPKs (MPK1, MPK2 and MPK3) have been shown to confer resistance to potato aphids 
(Macrosiphum euphorbiae), but the mechanism by which this occurs is unknown [72]. 
  
The plant cell wall is one of the physical barriers that protect the plant against 
attack by insect pests and pathogens and must be overcome during colonization [73, 
74]. During insect or pathogen colonization, reinforcement of the cell wall with 
molecules such as lignin, cellulose, callose and small organic or inorganic molecules 
occurs [9]. Previous transcriptome analysis studies have shown the involvement of cell 
wall-related transcripts in defenses against soybean aphids [13, 14]. Consistent with 
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these studies, the Rag1Rag2 response at 6 hours involved significant regulation of genes 
involved in secondary cell wall biogenesis (16 induced, 1 gene repressed). This finding 
further confirms the role of the cell wall in the Rag1Rag2 synergistic resistant response 
to feeding by soybean aphids.  
 
In the Rag1 6 hour response, several transcripts involved in chloroplast-related 
GO terms were uniquely significantly overrepresented. Recently, chloroplasts have been 
reported to play a role in plant immunity [75]. Chloroplasts have also been shown to be 
involved in the early immune responses against P. syringae [76] and chloroplast-related 
proteins are targeted by pathogen effector proteins during colonization [76, 77]. 
Induction of stromules (tubular projections from the chloroplast and other plastids) 
occurs during bacterial immune response against bacterial pathogens such as P. 
syringae and X. campestris [78]. Stromules are communication channels between 
chloroplasts and the nucleus during effector triggered immunity and are induced by SA 
and hydrogen peroxide [78]. The possibility of this occurrence in the Rag1 response is 
increased by the unique overrepresentation of transcripts involved in nuclear transport 
(Additional Table 1a), suggesting the probable movement of a defense signal from the 
chloroplasts to the nucleus. Additionally, Yaeno et al., (2004) [79] reported the role of 
chloroplast trienoic fatty acids in the avirulent response to P. syringae (Pst DC3000). It is 
important to note that in the susceptible interaction, soybean aphids are able to 
decrease levels of linolenic acid (18:3), one of the chloroplast trienoic fatty acids [80], 
possibly suppressing the defense role of chloroplasts in susceptible plants. The 
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observation of DE transcripts related to defense response against P. syringae in the 
Rag1 response is not very surprising because previous studies have reported the 
similarity between the resistant (Rag1) response to soybean aphid feeding to the 
incompatible interaction to P. syringae [13]. However, the exact role of chloroplasts in 
resistant response of Rag1 soybean to aphid feeding is yet to be determined in 
subsequent studies.  
 
Although only two biological processes were distinctive in the Rag2 6 hour 
response to soybean aphid feeding, an interesting set of six transcripts involved in 
chalcone biosynthesis was uniquely overrepresented. Five of these transcripts were 
induced (>2 fold change) while one of them was repressed more than two fold. All these 
six genes encode chalcone synthases (CHS) (Phytozome v12.0) but the role of these 
genes in soybean is not yet well characterized. CHS is an enzyme that catalyzes a major 
step in flavonoid biosynthesis and plays a regulatory role in the pheynlpropanoid 
pathway [81]. Interestingly, Li et al (2008) [13] reported differential regulation of 
transcripts involved in the pheynlpropanoid pathway in the Rag1 response to aphid 
feeding and some of these genes were homologs of CHS. As one of the largest groups of 
phenolic compounds or secondary metabolites produced by plants, some classes of 
flavonoids are involved in plant defense and resistance against pathogen infection [81-
83] and are deterrents against insect colonization [84, 85]. Four isoflavonoids have been 
shown to deter feeding by Helicoverpa armigera larvae in wild relatives of chickpea [86]. 
In soybean, feeding by soybean aphids led to increased accumulation of two isoflavones 
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(formononetin and dihydroxyflavone) in aphid-treated leaves compared to  control 
plants [87]. Based on observations from this study, we can speculate that the Rag2 
response to aphid feeding for the soybean genotype tested could be involving chemical 
defenses generated via the pheynlpropanoid pathway. However, more studies need to 
be conducted to test and validate this idea. 
 
In the susceptible response to soybean aphid feeding after 6 hours, no defense-
related biological processes were uniquely overrepresented. However, transcripts 
involved in starch and maltose biosynthesis were significantly modified by soybean 
aphid feeding (16 transcripts induced and one repressed). Upregulation of transcripts 
involved in starch biosynthesis could imply that the plant is devising mechanisms of 
making sugars unavailable for aphid consumption. Contrary to this observation, Barah et 
al., (2013) [88] reported downregulation of transcripts involved in starch biosynthesis in 
the response of Arabidopsis (Col-0) to feeding by cabbage aphids, Brevicoryne brassicae. 
Barah et al., (2013) [88] proposed that this occurrence could be due to the need for the 
plant to counter the osmotic stress that results from aphids sucking plant sap. Our 
observed upregulation of starch biosynthesis transcripts in the susceptible response 
could indicate that across different plant species or genotypes, the mechanisms by 
which phloem-feeding insects such as aphids alter sink-source relationships differ, and 
this might also be dependent on the phloem feeding insect species in consideration.  
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Examination of the response of each soybean genotype to aphid feeding at the 
12 hour time point was not useful for determination of unique responses due to: a) 
similarity of the GO (biological processes) modified by aphid feeding; b) a large overlap 
of DE genes among the soybean genotypes and c) similarity in direction (genes were 
mostly repressed for all genotypes). In spite of all these similarities, the revelation of 
very few common transcripts between the 6 hour Rag1Rag2 synergistic genes and the 
12 hour datasets for all soybean genotypes further confirmed the distinctiveness of the 
Rag1Rag2 synergistic response to soybean aphid feeding, which primarily occurs very 
early. The downregulation of defense-related transcripts most of which were involved in 
cell wall, phytohormone and calcium transport in all soybean genotypes could indicate 
that defense protein levels have reached desired levels to deter further aphid 
colonization of the plant. However, as previously mentioned, the difference in aphid 
phenotypes in the susceptible interaction compared to the resistant interaction could 
be due to the ability of soybean aphids to successfully suppress effective plant defenses 
(Kanobe dissertation, 2012). 
 
The interesting observation of the Rag1Rag2 synergistic response at the level of 
transcription factors was very evident in our study. In several crop species, WRKY 
transcription factors are involved in plant defense against herbivores and pathogens 
through both in PTI and ETI [36-43]. WRKY transcription factors can be negative or 
positive regulators of plant defense [39, 40, 42] and they can regulate phytohormone 
signaling pathways in plants. In Nicotiana attenuatta, WRKY3 and WRKY6 were reported 
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to coordinate herbivory signals such as larval oral secretions [43]. Some of the other 
aphid-responsive transcription factors reported in this study have been implicated in 
innate immunity both against biotic and abiotic stresses [89]. Two of the transcription 
factor families that were differentially regulated in response to soybean aphids (WRKY 
and C2H2) were also identified in the Arabidopsis-Cabbage aphid interaction [88], 
indicating similarity in the transcriptional response to phloem feeding insects across 
different plant species. The observation of transcription factors that were common to all 
four soybean genotypes could be explained by regulation of target accessibility that 
could have resulted from epigenetic changes. The aphid-responsive transcription factors 
identified in our study can be targeted in functional analysis studies to validate their role 
in defense against feeding by soybean aphids. 
 
Finally, because the molecular effect of pyramiding the Rag1 and Rag2 genes has 
been addressed on a global scale in our transcriptome study, future analysis will involve 
mining generated data to explain this effect on the basis of individual genes. Functional 
analysis studies will have to be conducted to validate the roles of select DE genes in the 
resistant response to soybean aphid feeding. These studies will allow further 
characterization of the Rag1Rag2 synergistic response to soybean aphid feeding. 
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Materials and Methods 
Plant and insect material 
Four near-isogenic soybean genotypes developed at Iowa State University were 
used for this study. Three of the soybean genotypes were resistant to soybean aphids 
while one genotype was aphid-susceptible. The soybean genotypes were: IA3027RA12, 
the Rag1Rag2 soybean genotype which has both Rag1 and Rag2 genes; IA3027RA1 
contains the Rag1 gene alone, IA3027RA2 has the Rag2 gene alone while IA3027, the 
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susceptible control which has no aphid resistance gene. These BC1F2:6  near-isogenic 
soybean genotypes were developed using a backcrossing scheme in which the Rag1 and 
Rag2 donors were A08-123074 and LD08-89051a respectively, with the aphid-
susceptible genotype, IA3027 used as the recurrent parent and they have 93.25% 
similarity in genetic background [31, 33]. For all experiments conducted for this study, 
biotype 1 of soybean aphids was used. Aphids were obtained from a laboratory 
maintained colony. Prior to use for infesting the experiments, aphids were raised on 
IA3027, the susceptible control that was used in the study. The growth chamber for the 
aphid colony was maintained at a constant temperature of 25oC and photoperiod of 16 
hours light, 8 hours darkness.  
 
Experimental design, treatments and sample collection  
Two main sets of experiments were conducted for this study namely:                   
a) Phenotyping experiments to confirm expected aphid populations on each soybean 
genotype, and b) RNA-seq experiment. All experiments were conducted in growth 
chambers maintained at a constant temperature of 25oC and photoperiod of 16 hours 
light, 8 hours darkness. Lighting in the growth chambers was provided by fluorescent 
and incandescent light bulbs. Additionally, seed for each soybean genotype used for all 
experiments was surface sterilized with chlorine gas for 16 hours as described by Paz et 
al., (2006) [90]. Soil used for all experiments was steam-sterilized Metro Mix 900 
growing mix (Sun Gro Horticulture, Vancouver, BC, Canada) to eliminate any other pests 
and/or pathogens. 
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Phenotyping experiments: To confirm the aphid resistance/susceptibility of each 
soybean genotype, two no-choice growth chamber experiments arranged in a 
completely randomized design, with three replicates (pots) for each genotype were 
conducted. Three surface sterilized seeds of each soybean genotype were planted in 
5.5” by 6” plastic pots and seedlings in each pot were thinned to one plant after 
germination. Plants were watered thrice a week after they reached the V1 growth stage 
[91] and fertilized with once a week with a 1:1 mixture of all-purpose Scott’s Miracle-
Gro Excel (21-5-20, The Scott’s Company LLC, Marysville, Ohio, USA) and Cal-Mag 
Miracle-Gro Professional (15-5-15, The Scott’s Co.), applied at a rate of 12.5 mL L-1 
water. When plants reached the V3 growth stage, 30 mixed-age adult apterous aphids 
(biotype 1) were placed on the abaxial side of the V3 middle leaflet of each plant using a 
fine paint brush and clips cages were placed on the infested leaflet to restrict aphid 
movement on the plant. One week later, aphid populations on each plant were 
determined. Statistical data analysis was performed by using Student’s t-tests to 
compare aphid populations among the four soybean genotypes. 
 
RNA-seq experiment and tissue collection: After confirmation of the expected 
aphid phenotypes, soybean plants of all four genotypes were grown in five growth 
chambers (2 small chambers, 15 ft2 each and 3 big chambers, 36 ft2 each) using a 
completely randomized design. To minimize variation among growth chambers, all 
chambers were set to similar light, temperature and relative humidity conditions (Light-
around 350 umol/m2/s); Temperature-25oC and Relative humidity-50%). Throughout 
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the experiment, temperature and humidity were tracked in the growth chambers using 
Track-ItTM temperature and humidity data loggers (Monarch Instruments, Amherst, NH, 
USA). Across all five growth chambers, the average photosynthetically active radiation 
(PAR), measured using a LightScout Solar/Electric Quantum Meter (Spectrum 
Technologies, Inc., Bridgend, Wales, UK) was 375 umol/m2/s; temperature ranged from 
25oC to 28oC and relative humidity was 50%. At planting (three surface sterilized seeds 
of each soybean genotype were planted in 5.5” by 6” plastic pots), mock plants were 
grown in separate growth chambers from aphid-treated plants to avoid the possible 
effects of priming [14]. For each soybean genotype, there were three replicates planted 
for each treatment by time point with each replicate consisting of three plants. Two 
randomly assigned growth chambers (one small and one big) contained mock plants 
with the small mock chamber containing one replicate for each genotype. Due to space 
limitations, two replicates were planted in the big mock growth chamber. The three 
remaining growth chambers (one small and two big) contained plants that were to be 
treated with soybean aphids with each chamber containing one replicate. Overall, there 
were nine plants for each genotype by treatment combination. In each growth chamber, 
three extra plants of each genotype were planted in case of poor germination and 
additional aphid phenotyping at the end of the experiment. After germination, plants 
were watered and fertilized as described in the phenotyping experiment. All plants were 
staked using bamboo stakes (approximately 3 feet long) and small pieces of twine used 
to tie plants to the stakes to keep them upright. When plants reached the V3 growth 
stage, clip cages were placed on the V3 middle leaflet of mock plants in each growth 
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chamber, but with no aphids in them. Thirty mixed-age apterous soybean aphids 
(biotype 1) were placed on the abaxial side of the V3 middle leaflet of aphid-treated 
plants in each growth chamber and clip cages placed on the leaflet to restrict aphid 
movement. Six hours after the treatments, leaf samples (mock or aphid-treated V3 
middle leaflet) were individually collected from each plant. This was done by gently 
removing aphids from each leaflet, placing it in a labeled foil packet and flash freezing it 
in liquid nitrogen. The collected leaflets of mock plants were gently brushed as well to 
mimic removal of aphids. To avoid any cross contamination with aphids, mock plants 
were treated and collected before aphid-treated plants. Twelve hours after introduction 
of aphids to plants, leaf samples were collected from a separate set of plants as 
previously described for the 6 hour time point. In total, 144 samples were collected for 
all treatments. Prior to processing, all samples were stored in a -80oC freezer to 
maintain their quality.    
 
RNA sample preparation and RNA-seq 
All flash frozen leaf samples were ground using a mortar and pestle in liquid 
nitrogen. RNA was extracted from individual samples using the Qiagen® RNeasy® Plant 
Mini Kit (Qiagen®, Germantown, MD) with some modifications to the manufacturer’s 
protocol. Samples were incubated at 56ᵒC for two minutes and vortexed occasionally to 
disrupt tissue. Additionally, three rounds of RPE buffer washes were done instead of 
two. RNA samples were DNAse treated using the Ambion® TURBO DNA-free kitTM 
(Ambion®, Austin, TX) to remove genomic DNA contamination. DNAse-treated RNA 
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samples were cleaned Qiagen® RNeasy® MiniElute Cleanup Kit (Qiagen®, Germantown, 
MD). The concentration  of RNA was assessed using a NanoDrop ND-1000 
Spectrophotometer (Thermo Fisher Scientific®, Waltham, MA, USA) and if the 260/280 
ratio was greater than 2.0, RNA was considered to be of good quality. To ensure the 
integrity of RNA samples, all samples were checked using an Agilent® 2100 
BioanalyzerTM (Agilent®, Santa Clara, CA) and samples with RNA Integrity Number (RIN) 
of ≥6.9 considered to be of good quality for RNA-seq. RNA from three leaflets obtained 
from three plants was pooled in equal amounts within treatments to make 3 biological 
replicates per treatment. The concentration of pooled RNA samples was checked using a 
NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific®, Waltham, MA, USA) 
before submission for sequencing. A total of 48 RNA samples (3 samples per treatment x 
2 time points x 2 treatments x 4 soybean genotypes) were submitted to the DNA facility 
at Iowa State University for multiplex library preparation and single end sequencing 
using the Illumina HiSeq 2500 instrument. Each of the 48 cDNA libraries was sequenced 
at a read length of 100 base pairs.  
 
Bioinformatics and Statistical analysis 
Large data files for each of the 48 sequenced libraries were processed using 
bioinformatics tools. First, the 100 base pair reads were trimmed to remove adapter 
sequences using the bioinformatics program, Scythe 
(https://github.com/vsbuffalo/scythe). Next, 15 bases (sequencing artifacts) were 
removed from each read using FASTX trimmer 
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(http://hannonlab.cshl.edu/fastx_toolkit/). Sickle (https://github.com/najoshi/sickle) 
was then used to remove bases with low quality scores and short reads. After 
processing, reads were aligned to version 2 of the Williams 82 soybean reference 
genome which was obtained from Phytozome.net [92]. Using default settings, TopHat 
version 2.0.3 [93] was used to align the single end reads to the Williams 82 reference 
genome. Samtools [94] was used to remove unreliably mapped reads. The resulting 
mapping files (bamfiles) were then imported in to R statistical package (R Development 
Core Team, 2014; http://www.R-project.org/ ) using the RSamtools statistical package in 
R (http://bioconductor.org/packages/release/bioc/html/Rsamtools.html). The bamfiles 
will be deposited to a public repository prior to publication of this manuscript. The gene 
feature file for version 2 of the soybean genome was imported to R using rtracklayer 
[95] and the number of reads aligning to each gene for each sample was counted using 
GenomicAlignments [96]. GenomicAlignments was used to generate an output matrix 
containing gene counts for each sample. Genes with counts per million (cpm) <1 were 
eliminated from further analysis. Data normalization across all treatments and 
genotypes was done for each time point using the Trimmed Mean of M (TMM) values 
[97] in the Bioconductor package edgeR [98]. Specifically, edgeR was used for single 
factor, pairwise comparisons to calculate normalization factors, estimate tagwise 
dispersion and determine differential gene expression. The graphics package, ggplot2 
[99] was used to compare sample replicates for each treatment to ensure replicability. 
Using ggplot2, graphs such as principle component plots and biological coefficient of 
variation were generated, allowing visual comparisons of replicates. Due to considerable 
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variation from other replicates, two samples from the Rag1Rag2 soybean genotype for 
the 6 hour time point (one mock-treated sample and one aphid-treated sample) were 
removed from the analysis, leaving two replicates for each of these treatments for this 
genotype and time point. Analysis using edgeR [98] was done to compare respective 
aphid-treated and mock-treated samples for each treatment at each time point, 
generating differentially expressed genes for each aphid versus mock comparison 
(McCabe dissertation, 2016). In all comparisons, genes were considered to be 
differentially expressed if their false discovery rate (FDR) was <0.05. Both treatment and 
genotype effects were examined in our statistical analysis, identifying genes that 
responded to aphid treatments in all four soybean genotypes and genotype-specific 
responses to soybean aphid feeding. DE gene lists for each of the comparisons were 
analyzed to calculate the fold change and determine of the number of genes that were 
induced or repressed by aphid feeding for each soybean genotype. 
 
Global comparison of differentially expressed genes using Venn diagrams 
Gene lists for each aphid versus mock comparison were used to construct Venn 
diagrams that showed common and unique gene sets for each soybean genotype. This 
was done using the program “Venny” http://bioinfogp.cnb.csic.es/tools/venny/. Venny 
was also used for all other gene list comparisons. 
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Clustering analysis 
Cluster analysis using a heatmap was conducted to identify gene sets with similar 
expression patterns for all treatment comparisons across all soybean genotypes at both 
time points. Log counts per million (cpm) for each sample were used for cluster analysis. 
The hclust package in R (https://www.r-project.org/) was used to construct the heatmap 
and cluster dendrogram, both of which showed similarities in expression patterns of DE 
genes across all comparisons. Z-scores (an indicator of how many standard deviations 
from the mean) for each DE gene were used during clustering. 
 
Annotation and GO enrichment of differentially expressed genes 
Gene annotation was performed using the gene annotation lookup tool in 
SoyBase [100] (https://soybase.org/genomeannotation/). The annotation result 
contained the best UniRef100 [101, 102], the best homolog hit in Arabidopsis thaliana, 
and gene ontology (GO) information of the best Arabidopsis homolog (The Arabidopsis 
information resource, TAIR; https://www.arabidopsis.org/). The GO term enrichment 
tool in SoyBase (https://soybase.org/goslimgraphic_v2/dashboard.php) was used to 
identify significantly overrepresented GO terms (biological processes) that were 
modified by aphid feeding in each aphid versus mock comparison. GO term enrichment 
was conducted using Fisher’s Exact Test and Bonferroni correction for multiple 
comparisons, identifying significantly overrepresented biological processes relative to 
the Williams 82 reference genome in each comparison (P≤0.05). The same tools 
described above were used in the examination of the synergistic effect of pyramiding 
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Rag1 and Rag2 aphid resistance genes in the Rag1Rag2 soybean response to soybean 
aphid feeding. 
 
Identification of transcription factors regulated by soybean aphid feeding 
To identify transcription factors that might be involved in the response to 
soybean aphid feeding, we used the SoyDB transcription factor database [35]. 
Transcription factors that were involved in regulation of aphid-responsive biological 
processes were identified for each comparison for all soybean genotypes tested.  
 
 
Figures and Tables 
 
Figure 1: Aphid phenotyping results for the four near-isogenic soybean genotypes obtained using no-
choice experiments. The Rag1Rag2 soybean genotype was more resistant than genotypes that had only 
the Rag1 or Rag2 gene. Data was normalized to the susceptible control, IA3027. Statistical data analysis 
for each comparison was done using Student’s t-tests (Two-Sample Assuming Unequal Variances). Error 
bars represent the standard error. 
c 
Rag1Rag2 Susceptible 
Comparison  P-value 
 Sus vs Rag1  5.72E-06 
 Sus vs Rag2  8.05E-06 
 Sus vs Rag1Rag2  3E-06 
 Rag1 vs Rag2  0.36 
 Rag1 vs Rag1Rag2  0.01 
 Rag2 v Rag1Rag2  0.01 
 
 
b 
b 
a 
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Figure 2: Total number of DE genes for aphid versus mock comparisons for each soybean genotype at 
both time points. Induced genes indicated by yellow bars and repressed genes shown by blue bars were 
determined based on whether the fold change was positive (for induced genes) or negative (for repressed 
genes). Respective numbers of induced and repressed genes for each comparison are indicated next to 
each of the bars. 
 
 
       
Figure 3: Unique and common DE gene sets modified by aphid feeding for each soybean genotype after 6 
hours (Figure 3a) and 12 hours (Figure 3b). 
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Rag1Rag2; 
12 hours Figure 3a Figure 3b 
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Figure 4: Clustering heatmap. Shows gene expression patterns for all 4646 DE genes modified by aphid 
feeding for the eight “aphid versus mock” comparisons after 6 hours or 12 hours. The hclust package in R 
was used to draw heatmap. Each column represents an aphid versus mock comparison for each soybean 
genotype. Each row represents a gene. Colored in “yellow” are induced genes, in “white” are genes in 
which no change occurred and in “blue” are repressed genes. Genes included in this figure are 
differentially expressed for at least one comparison. Z-scores were calculated for each gene in all 
comparisons. Soybean genotypes are represented as follows: Sus-Susceptible; R1-Rag1; R2-Rag2 and 
R1R2-Rag1Rag2. 
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Figure 5a: Comparison of Gene Ontology (GO) terms for biological processes significantly modified after 
6 hours of feeding by soybean aphids in the susceptible (blue bars), Rag1 (red bars), Rag2 (green bars) 
and Rag1Rag2 (yellow bars) soybean genotypes. Distinctive biological processes were significantly 
modified by aphid feeding at 6 hours (P-value cut off was ≤ 0.05) in each soybean genotype. Indicated in 
parenthesis are the genotypes in which specific GO terms (biological process) were significantly 
overrepresented (S-Susceptible, R1-Rag1, R2-Rag2 and R1R2-Rag1Rag2). 
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Figure 5b: Comparison of Gene Ontology (GO) terms for biological processes significantly modified after 
12 hours of feeding by soybean aphids in the susceptible (blue bars), Rag1 (red bars), Rag2 (green bars) 
and Rag1Rag2 (yellow bars) soybean genotypes. Similar biological processes were significantly modified 
by aphid feeding for all the four soybean genotypes tested (P-value cut off was ≤ 0.05). Indicated in 
parenthesis are the genotypes in which specific GO terms (biological process) were significantly 
overrepresented (S-Susceptible, R1-Rag1, R2-Rag2 and R1R2-Rag1Rag2). 
 
 
Table 1: Biological processes involved in the Rag1Rag2 synergistic response to 
soybean aphid feeding after 6 hours 
GO_id 
GO_description 
(Biological process) 
Total 
number of 
DE genes 
 
Genes 
induced 
 
Genes 
Repressed 
 
GO:0006364 rRNA processing 41 15 26 
GO:0009834 
Secondary cell wall 
biogenesis 
17 
16 1 
GO:0043900 
Regulation of multi-
organism process 
24 
16 8 
GO:0015995 
Chlorophyll biosynthetic 
process 
25 
0 25 
GO:0009595 
Detection of biotic 
stimulus 
24 
16 8 
GO:0000165 MAPK cascade 37 25 12 
GO:0009765 
Photosynthesis, light 
harvesting 
9 
0 9 
G
O
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) 
Susceptible 
12 HOURS 
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GO:0006606 Protein import into 
nucleus 
21 
21 0 
GO:0019684 
Photosynthesis, light 
reaction 
23 
1 22 
GO:0010508 
Positive regulation of 
autophagy 
4 
4 0 
GO:0010207 Photosystem II assembly 25 0 25 
GO:0009862 
Systemic acquired 
resistance, SA mediated 
signaling  
38 
23 15 
GO:0035304 
Regulation of protein 
dephosphorylation 
23 
4 19 
 
 
 
 
Figure 6: Transcription factor analysis. Expression patterns of transcription factors that were 
significantly (FDR<0.05) differentially expressed between aphid-treated and mock-treated 
samples for each soybean genotype at both time points. Indicated on the x axis is the absolute 
fold change in gene expression. Several differentially expressed transcription factors per family 
are plotted for each comparison. The y axis shows transcription factor families obtained from the 
SoyDB transcription factor database [35]. 
Table 1: continued 
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Additional Figures and Tables 
 
Additional Figure 1: Cluster dendrogram. The hclust package in R was used to construct cluster 
dendrogram. 
 
 
Additional Figure 2: Heatmap highlighting regions with distinctive expression patterns in the Rag1Rag2 
response to aphid feeding at the 6 hour time point. Red boxes indicate specific regions in clusters 2 and 3 
where clearly observable genes involved in the synergistic response were located. Soybean genotypes are 
represented as follows: Sus-Susceptible; R1-Rag1; R2-Rag2 and R1R2-Rag1Rag2. 
6 HOURS 12 HOURS 
Cluster 4 
Cluster 1 
Cluster 2 
Cluster 5 
Cluster 6 
Cluster 3 
Distinctive region  
Distinctive region  
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Additional Table 1a: Induced (↑) and repressed (↓) DE genes for each significantly 
overrepresented GO term for each soybean genotype 6 hours after soybean aphid 
feeding.  
6 hour time point 
Soybean genotype and number of DE 
genes for each GO term 
Susceptible Rag1 Rag2 Rag1Rag2 
GO_id GO description ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 
GO:0007623 Circadian rhythm 10 14 22 
2
8 
19 20 7 4 
GO:0048574 
Long-day 
photoperiodism, 
flowering 
1 8 6 
1
2 
3 8 1 5 
GO:0042754 
Negative regulation of 
circadian rhythm 
0 4 0 4 0 4 0 2 
GO:0043433 
Negative regulation of 
sequence-specific DNA 
binding transcription 
factor activity 
0 4 0 4 0 4 0 2 
GO:0000024 Maltose biosynthesis 3 0 9 4 1 0 2 0 
GO:0043966 Histone H3 acetylation 0 3 0 4 0 3 0 3 
GO:0018131 
Oxazole or thiazole 
biosynthesis 
3 0 4 0 3 0 2 0 
GO:0019252 Starch biosynthesis 13 1 13 5 11 1 12 5 
GO:0010264 
Myo-inositol 
hexakisphosphate 
biosynthesis 
0 8 0 
3
1 
0 11 0 7 
GO:0009658 Chloroplast organization 5 2 30 9 8 3 17 11 
GO:0006399 
Transfer RNA metabolic 
process 
4 1 17 0 5 0 9 0 
GO:0042752 
Regulation of circadian 
rhythm 
2 5 8 9 5 5 1 3 
GO:0051170 Nuclear import 0 1 2 7 1 1 0 0 
GO:0000160 
Phosphorelay signal 
transduction system 
2 2 8 8 2 4 1 1 
GO:0031425 
Chloroplast RNA 
processing 
0 0 9 0 1 0 4 0 
GO:0045036 
Protein targeting to 
chloroplast 
3 1 14 0 4 0 0 0 
GO:0042793 
Transcription from 
plastid promoter 
1 0 12 5 3 2 2 8 
GO:0009637 Response to blue light 6 3 7 
1
5 
7 5 6 18 
GO:0010114 Response to red light 0 4 4 
1
7 
4 7 1 19 
GO:0006364 
Ribosomal RNA 
processing 
4 2 28 6 5 4 23 29 
GO:0010218 Response to far red light 1 4 3 
1
7 
3 6 1 19 
GO:0009220 
Pyrimidine 
ribonucleotide 
biosynthesis 
0 0 23 0 4 0 33 1 
GO:0044267 
Cellular protein 
metabolism 
1 0 8 0 2 0 6 0 
GO:0006021 Inositol biosynthesis 0 0 0 4 0 1 0 0 
GO:0042026 Protein refolding 1 0 5 0 2 0 4 0 
GO:0006457 Protein folding 2 2 36 7 3 2 28 10 
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GO:0009715 Chalcone biosynthesis 0 0 1 0 5 1 2 1 
GO:0009629 Response to gravity 0 0 1 0 5 1 2 1 
GO:0043900 
Regulation of multi-
organism process 
0 0 5 5 13 3 25 10 
GO:0009595 
Detection of biotic 
stimulus 
0 0 5 5 13 3 25 10 
GO:0000165 MAPK cascade 0 0 8 7 18 5 38 16 
GO:0010310 
Regulation of hydrogen 
peroxide metabolism 
0 0 10 7 21 6 34 17 
GO:0009862 
Systemic acquired 
resistance, salicylic acid 
mediated signaling 
pathway 
2 3 11 7 23 7 38 19 
GO:0009814 
Defense response, 
incompatible interaction 
2 0 7 4 9 2 13 10 
GO:0010508 
Positive regulation of 
autophagy 
0 0 0 0 1 0 5 0 
GO:0010363 
Regulation of plant-type 
hypersensitive response 
2 3 1 0 25 9 48 23 
GO:0006612 
Protein targeting to 
membrane 
2 3 9 
1
2 
25 9 48 23 
GO:0009697 
Salicylic acid biosynthetic 
process 
1 1 12 7 22 4 36 14 
GO:0035304 
Regulation of protein 
dephosphorylation 
1 1 3 7 8 6 8 23 
GO:0009834 
Secondary cell wall 
biogenesis 
0 0 0 0 0 0 16 1 
GO:0015995 Chlorophyll biosynthesis 0 1 7 5 0 5 0 28 
GO:0009867 
Jasmonic acid mediated 
signaling pathway 
0 2 12 9 5 3 38 19 
 
 
Additional Table 1b: Induced (↑) and repressed (↓) DE genes for each significantly 
overrepresented GO term for each soybean genotype 12 hours after soybean aphid 
feeding.  
 
12 hour time point 
Soybean genotype and number of DE 
genes for each GO term 
 
Susceptible Rag1 Rag2 Rag1Rag2 
GO_id GO description ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 
GO:0006073 
Cellular glucan 
metabolism 
0 24 0 15 0 15 0 19 
GO:0048767 Root hair elongation 4 37 0 42 3 41 1 48 
GO:0009741 
Response to 
brassinosteroid stimulus 
2 21 4 16 0 16 3 17 
GO:0016126 Sterol biosynthesis 5 27 0 31 1 27 2 27 
GO:0030243 Cellulose metabolism 0 16 0 17 1 14 0 18 
GO:0000271 
Polysaccharide 
biosynthesis 
3 23 3 30 5 25 5 32 
GO:0009932 Cell tip growth 2 22 0 26 2 23 1 29 
GO:0061062 
Regulation of nematode 
development 
0 4 0 4 0 4 0 4 
GO:0080147 
Root hair cell 
development 
0 8 0 6 0 8 0 6 
GO:0005975 
Carbohydrate 
metabolism 
7 48 4 36 7 35 6 44 
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GO:0006468 Protein phosphorylation 11 102 19 73 23 78 25 87 
GO:0009832 
Plant-type cell wall 
biogenesis 
4 22 3 25 4 19 2 26 
GO:0046777 
Protein 
autophosphorylation 
1 33 0 25 2 25 2 25 
GO:0009765 
Photosynthesis, light 
harvesting 
0 9 0 1 0 1 0 7 
GO:0071555 Cell wall organization 5 26 0 30 4 26 2 
34 
 
GO:0010817 
Regulation of hormone 
levels 
2 17 0 24 2 21 1 26 
GO:0006816 Calcium ion transport 1 23 3 25 2 23 2 29 
GO:0009825 
Multidimensional cell 
growth 
2 17 0 27 2 21 1 30 
GO:0043481 
Anthocyanin 
accumulation in tissues 
3 18 1 25 3 22 1 29 
GO:0052541 
Plant-type cell wall 
cellulose metabolism 
0 9 1 10 2 8 0 8 
GO:0007623 Circadian rhythm  4 14 7 14 7 20 5 18 
GO:0048574 
Long-day 
photoperiodism, 
flowering  
4 1 4 0 6 4 4 2 
GO:0009725 
Response to hormone 
stimulus 
1 7 0 8 0 6 0 11 
GO:0007030 Golgi organization 3 25 0 27 2 27 5 32 
 
 
Additional Table 2: Distribution of the Rag1Rag2 synergistic genes involved in 
respective biological processes in each cluster on the heatmap.  
GO_id 
GO_description 
(Biological 
process) 
Total 
number 
of DE 
genes 
Cluster 1 
(N=2228) 
Cluster 2 
(N=1394) 
Cluster 3 
(N=478) 
 
Cluster 4 
(N=209) 
 
Cluster 5 
(N=138) 
Cluster 6 
(N=199) 
GO:0006364 rRNA processing 41 18 16 3 1 0 3 
GO:0009834 
Secondary cell 
wall biogenesis 
17 
 
2 
 
1 
 
14 
 
0 
 
0 
 
0 
 
GO:0043900 
Regulation of 
multi-organism 
process 
24 
 
11 
 
5 
 
6 
 
0 
 
1 
 
1 
 
GO:0015995 
Chlorophyll 
biosynthesis 
 
25         5 18 0 1 0 1 
GO:0009595 
Detection of 
biotic stimulus 
 
24 11 5 6 0 1 1 
GO:0000165 MAPK cascade 37 17 8 7 1 2 2 
GO:0009765 
Photosynthesis, 
light harvesting 
 
9 6 2 0 1 0 0 
GO:0006606 
Protein import 
into nucleus 
21 
16 0 3 1 1 0 
GO:0019684 
Photosynthesis, 
light reaction 
23 
 
7 
 
14 
 
0 
 
0 
 
0 
 
2 
 
GO:0010508 
Positive 
regulation of 
autophagy 
4 
 
2 
 
0 
 
2 
 
0 
 
0 
 
0 
 
GO:0010207 
Photosystem II 
assembly 
25 
3 18 0 0 0 4 
GO:0009862 
Systemic 
acquired 
38 
16 
 
11 
 
7 
 
1 
 
1 
 
2 
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resistance, SA 
mediated 
signaling  
GO:0035304 
Regulation of protein 
dephosphorylation 
23 
 
4 
 
14 
 
2 
 
1 
 
0 
 
2 
 
 
 
 
 
Additional Figure 3: Comparison between 6 hour synergistic genes and all 12 hour gene lists. Venn 
diagram was generated using jVenn. 
 
 
Additional Table 3: WRKY transcription factors involved in response to feeding by 
soybean aphids. 
Treatment 
 
WRKY TFs (6 and 
12 hours after 
soybean aphid 
feeding) 
Fold 
change 
 
Arabidopsis homolog 
 
Susceptible 
(Aphid/Mock) 
Glyma.18G092200 
 
-4.26609 
 
AT1G62300.1|Symbols:WRKY6, 
ATWRKY6|WRKY family transcription 
factor 
 
 
Glyma.13G370100 
 
-2.28474 
 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.14G103100 5.316336 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.17G222300 6.143129 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
Rag1: 12 hours  
Rag2: 12 hours  
Rag1Rag2: 6 hours 
(Synergistic genes) 
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Rag1 
(Aphid/Mock) 
Glyma.02G112100      1.48718 
 
AT1G13960.1|Symbols:WRKY4|WRKY 
DNA-binding protein 4 
 
Glyma.06G147100 
 
1.733123 
 
AT5G64810.1|Symbols:WRKY51, 
ATWRKY51|WRKY DNA-binding 
protein 51 
 
Glyma.16G026400 1.534006 
AT2G46400.1|Symbols:WRKY46, 
ATWRKY46 
Glyma.17G042300 2.282396 
AT4G04450.1|Symbols:WRKY42, 
AtWRKY42|WRKY family transcription 
factor 
 
Glyma.03G224700 1.877786 
AT4G04450.1|Symbols:WRKY42, 
AtWRKY42|WRKY family transcription 
factor 
 
Glyma.05G184500 
 
2.900852 
 
AT5G64810.1|Symbols:WRKY51,  
ATWRKY51|WRKY DNA-binding 
protein 51 
 
   
 
Glyma.14G102900 22.49904 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.14G103100 11.18226 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.17G222300 11.3773 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.18G213200 2.934355 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70 
    
Rag2 
(Aphid/Mock) 
Glyma.04G223300 
 
1.999371 
 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70|WRKY DNA-binding 
protein 70 
 
Glyma.06G142000 1.63875 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70 
 
Glyma.06G147100 1.889571 
AT5G64810.1|Symbols:WRKY51, 
ATWRKY51|WRKY DNA-binding 
protein 51 
 
Glyma.13G117600 1.966364 
AT4G04450.1|Symbols:WRKY42, 
AtWRKY42|WRKY family transcription 
factor 
 
Glyma.16G026400 1.89329 
AT2G46400.1|Symbols:WRKY46, 
ATWRKY46|WRKY DNA-binding 
protein 46 
 
Glyma.18G208800 3.509306 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.19G254800 1.877508 
AT4G11070.1|Symbols:WRKY41, 
AtWRKY41|WRKY family transcription 
factor 
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Glyma.20G028000 1.589024 
AT2G03340.1|Symbols:WRKY3|WRKY 
DNA-binding protein 3 
 
Glyma.05G184500 7.396497 
AT5G64810.1|Symbols:WRKY51, 
ATWRKY51|WRKY DNA-binding 
protein 51 
 
Glyma.14G103100 24.89915 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40 
 
Glyma.17G222300 25.72918 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40 
 
Glyma.07G227200 2.386491 
AT2G03340.1|Symbols:WRKY3|WRKY 
DNA-binding protein 3 
 
Glyma.09G005700 1.781788 
AT1G62300.1|Symbols:WRKY6, 
ATWRKY6|WRKY family transcription 
factor 
 
Glyma.14G102900 14.64537 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.15G110300 1.574313 
AT1G62300.1|Symbols:WRKY6, 
ATWRKY6|WRKY family transcription 
factor 
 
Glyma.17G168900 1.663044 
AT2G23320.1|Symbols:WRKY15|WRKY 
DNA-binding protein 15 
 
Glyma.18G213200 2.992091 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70|WRKY DNA-binding 
protein 70 
    
 
Glyma.01G128100 4.506903 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.01G224800 6.382626 
AT4G11070.1|Symbols:WRKY41, 
AtWRKY41|WRKY family transcription 
factor 
 
Glyma.03G042700 6.555235 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.05G160800 
 
2.239854 
 
AT1G29280.1|Symbols:WRKY65, 
ATWRKY65|WRKY DNA-binding 
protein 65 
 
Glyma.05G215900 2.833155 
AT4G11070.1|Symbols:WRKY41, 
AtWRKY41|WRKY family transcription 
factor 
 
Glyma.06G125600 3.770532 
AT5G24110.1|Symbols:WRKY30, 
ATWRKY30|WRKY DNA-binding 
protein 30 
 
Glyma.07G023300 2.557124 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.07G227200 2.711619 
AT2G03340.1|Symbols:WRKY3|WRKY 
DNA-binding protein 3 
 
Glyma.08G021900 2.025144 
AT4G11070.1|Symbols:WRKY41, 
AtWRKY41|WRKY family transcription 
factor 
Rag1Rag2 
(Aphid/Mock) 
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Glyma.09G280200 5.077133 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.11G163300 1.744034 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.13G117600 2.296503 
AT4G04450.1|Symbols:WRKY42, 
AtWRKY42|WRKY family transcription 
factor 
 
Glyma.15G003300 2.454703 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.16G026400 1.850924 
AT2G46400.1|Symbols:WRKY46, 
ATWRKY46|WRKY DNA-binding 
protein 46 
 
Glyma.17G042300 3.095134 
AT4G04450.1|Symbols:WRKY42, 
AtWRKY42|WRKY family transcription 
factor 
 
Glyma.18G208800 3.619109 
AT2G38470.1|Symbols:WRKY33, 
ATWRKY33|WRKY DNA-binding 
protein 33 
 
Glyma.19G094100 2.872611 
AT5G13080.1|Symbols:WRKY75, 
ATWRKY75|WRKY DNA-binding 
protein 75 
 
Glyma.19G254800 2.071013 
AT4G11070.1|Symbols:WRKY41, 
AtWRKY41|WRKY family transcription 
factor 
 
Glyma.20G028000 1.685336 
AT2G03340.1|Symbols:WRKY3|WRKY 
DNA-binding protein 3 
 
Glyma.05G184500 4.220638 
AT5G64810.1|Symbols:WRKY51, 
ATWRKY51|WRKY DNA-binding 
protein 51 
 
Glyma.06G147100 
 
2.532277 
 
 
AT5G64810.1|Symbols:WRKY51, 
ATWRKY51|WRKY DNA-binding 
protein 51 
 
 
Glyma.14G103100 
 
8.311322 
 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.17G222300 5.198272 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.02G010900 1.955761 
AT2G47260.1|Symbols:WRKY23, 
ATWRKY23|WRKY DNA-binding 
protein 23 
 
Glyma.08G240800 -1.27763 
AT2G03340.1|Symbols:WRKY3|WRKY 
DNA-binding protein 3 
 
Glyma.09G274000 1.524374 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70|WRKY DNA-binding 
protein 70 
Rag1Rag2 
(Aphid/Mock) 
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Glyma.10G011300 1.960122 
AT2G47260.1|Symbols:WRKY23, 
ATWRKY23|WRKY DNA-binding 
protein 23 
 
Glyma.14G102900 11.12641 
AT1G80840.1|Symbols:WRKY40, 
ATWRKY40|WRKY DNA-binding 
protein 40 
 
Glyma.17G224800 
 
3.768957 
 
AT5G26170.1|Symbols:WRKY50, 
ATWRKY50|WRKY DNA-binding 
protein 50 
 
Glyma.18G213200 3.387905 
AT3G56400.1|Symbols:WRKY70, 
ATWRKY70 
In the fold change column, cells with induced WRKY transcription factors 
are highlighted with yellow while those with repressed WRKYs are 
highlighted in blue. 
 
 
 
Additional Figure 4: Unique and common WRKY transcription factors that responded to soybean aphid 
feeding in each soybean genotype at both time points. 
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CHAPTER 4. GENERAL DISCUSSION, CONCLUSIONS AND FUTURE 
PERSPECTIVES 
 
Since their discovery in Wisconsin in 2000 [1, 2], soybean aphids have continued 
to be a problem to soybean production due to their potential to cause great yield losses 
[3-5] especially in susceptible cultivars. The discovery of soybean aphid biotypes that are 
virulent on resistant soybean [6-8] threatens continued utilization of host plant 
resistance for aphid management. Sustained utilization of aphid-resistant soybean 
genotypes can be achieved by identification of novel sources of resistance and gene 
pyramiding, both of which this dissertation research projects investigates. 
 
Novel Sources of Resistance to Soybean Aphids 
Novel soybean accessions that have resistance or are moderately resistant to 
soybean aphids were identified in our large-scale screening experiments. Using GWAS, 
we identified novel genomic regions and candidate genes for aphid resistance on Gm01, 
Gm10, Gm16 and Gm19. This is the first study to report candidate genes on Gm01 and 
Gm19. Although we proposed only 12 candidate genes in the GWAS manuscript, in total, 
there were 96 genes in the genomic regions detected by significant SNPs (Appendix; 
Table 3). Future studies should validate the role of the proposed candidate genes in the 
resistant response to soybean aphid feeding using functional genomics techniques such 
as virus induced gene silencing (VIGS) [9-11], CRISPR-Cas9 and other methods. Because 
our data analysis criteria grouped the 15 significant SNPs in to 6 LD blocks based on the 
r2>0.7 and yet only the genes were obtained with reference to the peak SNP in each 
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block. Thus, there is a possibility that the resistant alleles for other SNPs in each block 
could have been masked due to blocking. This might apply for some soybean accessions 
that were resistant or moderately resistant in the large-scale screening but did not have 
antibiosis or antixenosis. This indicates that it might be worthwhile to examine 
haplotype blocks in addition to peak SNPs in GWAS studies. Although we examined 
correlations between resistant alleles for peak SNPs and the type of aphid resistance 
conferred by in each soybean accession, there was no apparent correlation between 
these two factors. 
 
Molecular Effect of Pyramiding Rag1 and Rag2 Genes in Soybean 
Our RNA-seq study has showed that the molecular effect of pyramiding Rag1 
and Rag2 genes is synergistic and is qualitative rather than quantitative, evidenced by 
the differential regulation of a large number of unique transcripts in the Rag1Rag2 
response to feeding by soybean aphids. A close examination of the biological functions 
of the synergistic genes revealed a strong induction of defense-related transcripts and 
repression of photosynthesis-related DE genes. Similarly, the Rag2 response has been 
previously shown to involve downregulation of photosynthesis-related biological 
processes [12]. Consistent with previous studies, the resistant response occurred earlier 
than the susceptible response [13, 14]. The regulation of more defense-related 
biological processes in the Rag1Rag2 response compared to resistant genotypes 
containing individual genes could explain the observed reduced aphid populations in the 
double pyramid at the phenotypic level [15]. Although gene pyramiding has been widely 
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utilized by plant breeders to develop crop genotypes with durable resistance to pests or 
pathogens [16-26], no transcriptome studies had ever been conducted to characterize 
the effect of gene pyramiding in any crop species. In general, findings from this study 
can be used to explain increased resistance to insect pests or pathogens in crop 
genotypes containing multiple resistance genes, creating more avenues for specific 
studies on the effect of gene pyramiding in other plant biotic interactions, and 
generating knowledge in this area of research. Future studies will involve further mining 
of transcriptome data and functional analysis studies to elucidate the transcriptional 
effect of gene pyramiding on the basis of individual genes. 
 
Involvement of Phytohormone (JA and SA) Pathways in the Rag1Rag2 
Synergistic Response to Soybean Aphid Feeding 
Although antagonism between the SA and JA signaling pathways has been 
reported in Arabidopsis [27-29], our data did not indicate this trend in the unique 
Rag1Rag2 soybean response to aphid feeding (there were common transcripts involved 
in SA- and JA-related biological processes and they mostly had the same direction i.e. 
induced or repressed). Similarly, Selig et al ., (2016) [30] reported a significant decrease 
in aphid populations when susceptible soybean plants were treated with both SA and 
Methyl Jasmonate (MeJA) that was comparable to that observed in plants treated with 
only MeJA, but the population of thrips was not affected after MeJA + SA unlike the 
MeJA treatment, indicating that JA-SA antagonism occurred in the soybean-thrip 
interaction but not in the  soybean-aphid interaction. Recent studies in the susceptible 
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soybean-aphid interaction have reported no JA-SA antagonism in soybean (Hohenstein 
dissertation, 2017). 
 
Transcriptional Regulation of GWAS candidate genes 
A comparison of genes associated with the loci generated from the GWAS study 
and genes differentially regulated by aphid feeding in our RNA-seq study revealed genes 
that were present in both data sets (Appendix; Table 2). Two out of the 12 proposed 
GWAS candidate genes were differentially regulated in the RNA-seq data set; 
Glyma.01G011500, a lipase class 3 family protein on Gm01, and Glyma.10G251700, the 
xyloglucan endotransglucosylase/hydrolase protein 8-related on Gm10. Both genes 
were repressed by soybean aphid feeding at different magnitudes in all four soybean 
genotypes (Appendix; Table 2). This finding strongly suggests a role for these two genes 
in the resistant response to soybean aphid feeding in the soybean genotypes tested in 
the RNA-seq study but additional functional genomics studies would be required to 
determine their exact function in the resistant soybean-aphid interaction. The 
repression of these transcripts could suggest that they are negative regulators of 
defense and their downregulation results in activation of effective defenses against 
soybean aphids. 
 
  Six or twelve hours after aphid feeding, eight other genes from the GWAS 
dataset that were not listed as candidates in the manuscript  due to their proximity to 
one of the LD blocks, but were not in the genomic region predicted by the SNP 
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(ss715624153, Gm16) were differentially regulated in the RNA-seq dataset. Arabidopsis 
homologs of these genes encoded putative disease resistance proteins (TIR-NBS-LRR 
class) (Appendix; Table 2). Four of these NBS-LRR genes were differentially regulated in 
the susceptible response, all of which were repressed (>1.5 fold) 12 hours after soybean 
aphid feeding. The Rag2 response had three NBS-LRR genes which were all induced 
(>1.5 fold) at the 6 hour time point. The Rag1Rag2 response had eight NBS-LRR genes 
which were all highly induced (>2 fold) at the 6 hour time point. None of these NBS-LRR 
genes were differentially regulated in the Rag1 response (Appendix; Table 2). Although 
some of the differentially regulated NBS-LRR genes were common among the four 
soybean genotypes (Appendix; Table 2), the difference in direction (induction or 
repression) and the presence of two unique differentially expressed NBS-LRR genes in 
the double pyramid further confirmed the synergistic effect of gene pyramiding in the 
Rag1Rag2 soybean genotype. Given that soybean aphids continue to successfully thrive 
on susceptible plants, the repression of these NBS-LRR genes in the susceptible 
genotype is not surprising. It is interesting to note that the Rpp2 gene that confers 
resistance against Asian soybean rust (ASR) was fine mapped to the same genomic 
region with this cluster of NBS-LRR genes on Gm16 and the same genes were reported 
as candidates [31]. However, these putative resistance genes are orthologous to those 
identified in the Williams 82 reference genome which is susceptible to soybean aphids. 
Thus, it is possible that soybean genotypes that are resistant to ASR might also be 
resistant to soybean aphids. 
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Contribution of Dissertation Findings to Soybean Research and Agriculture 
Novel aphid-resistant soybean accessions that can be included in plant breeding 
programs to develop more durable resistant genotypes have been identified. 
Additionally, knowing the type of aphid resistance (antibiosis, antixenosis or both) 
possessed by each identified resistant soybean accession [32-35] will guide future 
efforts for gene pyramiding by plant breeders, informing what specific soybean 
genotypes to cross, in order to maximize resistance as a measure of controlling soybean 
aphids. The SNPs identified in the resistant or moderately resistant soybean genotypes 
can be used as markers in marker-assisted plant breeding, reducing the time taken to 
develop crop varieties compared to conventional methods. This study has kick-started 
research on the molecular effects of gene pyramiding and future studies will explore this 
area of research in other biotic plant interactions. Since the Rag1Rag2Rag3 triple 
pyramid soybean genotype is effective against the most virulent aphid biotype 4 [17], it 
will be important to examine the molecular response of this triple pyramid genotype to 
soybean aphid feeding to determine if gene pyramiding causes a similar synergistic 
response as observed in the Rag1Rag2 double pyramid or if the mechanism by which it 
confers stronger aphid resistance differs. Using bioinformatics tools, data for unique 
regions in the transcriptome of each soybean genotype will be utilized to generate 
potential targets for the locations of Rag1 and Rag2 in the three resistant soybean 
genotypes tested in this study. Finally, genes unique to the three aphid-resistant 
genotypes tested in this study can potentially be used as markers for future aphid-
resistance studies in soybean. 
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APPENDIX: ADDITIONAL TABLES 
 
                           Table 1a: Soybean accessions (N=308) used for large-scale screening experiments and their countries of origin. 
Accession 
Country of 
origin 
MG Accession 
Country 
of origin 
MG Accession 
Country 
of origin 
MG 
PI054854 China I PI567163 China I PI430597 China II 
PI070241 China I PI567214B Russia I PI437121B Russia II 
PI071161 China I PI567223 Russia I PI437122 Russia II 
PI079648 China I PI567229A Russia I PI437145B Russia II 
PI079694 Unknown I PI567255A China I PI437340B Russia II 
PI079727 Unknown I PI567417B China I PI437345 Russia II 
PI079870-1 China I PI578374 China I PI437356 Russia II 
PI081765 China I PI578375B China I PI437399 Russia II 
PI088295 China I PI578380A China I PI437427B Russia II 
PI088497 China I PI578382 China I PI437462A Russia II 
PI089060 Unknown I PI578384 China I PI437581 China II 
PI091733 China I PI578385 China I PI437585 China II 
PI092706 China I PI578386 China I PI437592 China II 
PI131531 Poland I PI578474 China I PI437651B China II 
PI153229 France I PI592907C Russia I PI437656 China II 
PI153250 Belgium I PI592911B Russia I PI437662 China II 
PI153282 Belgium I PI592912A Russia I PI437663 China II 
PI181536 Japan I PI593970 Japan I PI437715 China II 
PI189916 China I PI593982 Japan I PI437803 China II 
PI189919 France I PI594170B Japan I PI437840A China II 
PI189941 France I PI594296 Japan I PI437944 China II 
PI205085 Japan I PI594898 China I PI437950 China II 
PI227325 Japan I PI594902 China I PI437964A China II 
PI248509A China I PI597397A Russia I PI437973 China II 
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PI250844 Iran I PI597405B Ukraine I PI438103 China II 
PI253652C China I PI602497A China I PI438133B China II 
PI253653D China I PI603151A North Korea I PI438139 China II 
PI253658A China I PI603334 China I PI438152 China II 
PI290149 Hungary I PI603337A China I PI438173 China II 
PI291274B China I PI603339A China I PI438194 China II 
PI291275 China I PI603367 China I PI438434 Morocco II 
PI291276 China I PI603371 China I PI438503A 
United 
States 
II 
PI291277 China I PI603424C China I PI458506 China II 
PI291278 China I PI603426F China I PI458519A China II 
PI291309C China I PI603546A China I PI458520 China II 
PI297538 Hungary I PI603587A China I PI458522 China II 
PI326579 Romania I PI603704A China I PI464878 China II 
PI326580 Germany I PI612711B China I PI464880 China II 
PI361090 Austria I PI612752 China I PI464884 China II 
PI378663 Russia I PI612754 China I PI464915A China II 
PI378679 France I PI612759C China I PI467310 China II 
PI401418 Russia I PI612760 China I PI467312 China II 
PI417139 Japan I PI054608-1 China II PI467327 China II 
PI417513B Eastern Europe I PI065388 China II PI467332 China II 
PI417517 Yugoslavia I PI068685 China II PI468381 Japan II 
PI437091 Russia I PI068788 China II PI470223 China II 
PI437098 Russia I PI068815 Unknown II PI475810 China II 
PI437116 Russia I PI070463 China II PI475811B China II 
PI437156C Russia I PI079586 China II PI475820 China II 
PI437165A Russia I PI079593 China II PI476344 Uzbekistan II 
PI437174B Russia I PI079756 China II PI476911 Vietnam II 
PI437343 Russia I PI080469 Unknown II PI479711 China II 
PI437425 Russia I PI081763 China II PI479713 China II 
Table 1a: continued 
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PI437477A Russia I PI081767 China II PI479718B China II 
PI437509 Russia I PI081768 China II PI479724A China II 
PI437519 Russia I PI081770 China II PI479738 China II 
PI437558 China I PI081771 China II PI504490 Taiwan II 
PI437594A China I PI081773 Unknown II PI504497 Taiwan II 
PI437682A China I PI084921 Unknown II PI506634 Japan II 
PI437716A China I PI086002 Unknown II PI507027 Japan II 
PI437733 China I PI086046 Japan II PI507195 Japan II 
PI437738B China I PI088294-1 China II PI518283 Taiwan II 
PI437757 China I PI089003-1 Unknown II PI532456 China II 
PI437786 China I PI089008 China II PI532472 Japan II 
PI437846 China I PI089153 North Korea II PI538400 China II 
PI437949 China I PI089154 North Korea II PI549058 Japan II 
PI438031 China I PI089156 North Korea II PI561227 China II 
PI438094B China I PI091091 China II PI561230 China II 
PI438218 China I PI091102 Unknown II PI561349 China II 
PI438292 Japan I PI091559 China II PI561377 Japan II 
PI438376 France I PI091725-3 Unknown II PI567161 China II 
PI445819 Germany I PI092465 Russia II PI567170A China II 
PI458825B China I PI092603 China II PI567241 China II 
PI461509 China I PI092611 China II PI567261B China II 
PI467307 China I PI092683 China II PI567262D China II 
PI467311A China I PI096162 Unknown II PI567266A China II 
PI467324 China I PI135589 China II PI567267A China II 
PI467328 China I PI135590 China II PI567275 Japan II 
PI468907 China I PI153280 France II PI567277 Japan II 
PI476345 Moldova I PI181537 Japan II PI567278 Japan II 
PI476348 Ukraine I PI189930 France II PI567351A China II 
PI479719 China I PI189958 France II PI567538B China II 
PI483459 China I PI196150 Japan II PI574478B China II 
Table 1a: continued 
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PI504485 Japan I PI227558 Japan II PI578363 China II 
PI506678 Japan I PI232987 China II PI578364 China II 
PI507717 North Korea I PI232988 China II PI578376 China II 
PI512322C Georgia I PI232989 China II PI578416 China II 
PI518706A China I PI232990 China II PI578499A China II 
PI522188A Russia I PI253650A China II PI578499B China II 
PI524994 Russia I PI261474 China II PI592908 Russia II 
PI538393 China I PI266806A China II PI592910 Russia II 
PI538403 Japan I PI323586B Portugal II PI592913 Russia II 
PI538410B Japan I PI361080 Russia II PI603335B China II 
PI540739 China I PI391577 China II PI603412B China II 
PI548329 Japan I PI407656 China II PI603422B China II 
PI548336 Russia I PI407659A China II PI603444A China II 
PI561232 China I PI416762 Japan II PI603470 China II 
PI561315 China I PI416773 Japan II PI603594 China II 
PI561333 China I PI416835 Japan II PI603660 China II 
PI561346 China I PI417091 Japan II PI603662B China II 
PI561348 China I PI417138 Japan II PI603747 China II 
PI562387 Japan I PI423870 Japan II PI603749 China II 
PI567159A China I PI430596 China II 
    
                             Table 1b: Number of soybean accessions from each country of origin. 
Country of 
origin 
Number of soybean 
accessions 
Country 
of origin 
Number of soybean 
accessions 
Country of origin 
Number of soybean 
accessions 
China 187 Austria 1 Morocco 1 
Poland 1 Russia 37 United States 1 
France 8 
Eastern 
Europe 
1 Uzbekistan 1 
Belgium 2 Yugoslavia 1 Vietnam 1 
Japan 35 Moldova 1 Taiwan 3 
Iran 1 Ukraine 2 Unknown 12 
Table 1a: continued 
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Hungary 2 
North 
Korea 
5 Total 308 
Romania 1 Georgia 1 
 
Germany 2 Portugal 1 
 
         Table 2: Common genes between GWAS and RNA-seq datasets.  
Gene  
  
 
 
Annotation 
(Arabidopsis homolog) 
  
Susceptible Rag1 Rag2 Rag1Rag2 
Fold 
change  
6 hrs 
Fold 
change  
12 hrs 
Fold 
change  
6 hrs 
Fold 
change  
12 hrs 
Fold 
change 
6 hrs 
Fold 
change  
12 hrs 
Fold 
change  
6 hrs 
Fold 
change  
12 hrs 
Glyma.19G034600 AGL8, FUL|AGAMOUS-like 8 -3.88 NA NA NA NA NA NA NA 
Glyma.19G035400 Delta tonoplast integral protein -2.67 NA NA NA NA NA NA NA 
Glyma.01G010100 
early-responsive to dehydration 
stress protein (ERD4) NA -1.73 NA -1.59 NA -1.58 NA -2.07 
Glyma.01G011500 N-terminal;Lipase, class 3 NA -3.91 NA NA NA NA -3.51 NA 
Glyma.10G251700 
Xyloglucan 
endotransglucosylase/hydrolase 8 NA -2.68 NA -1.98 NA -2.36 NA 
-2.17 
Glyma.16G135200 
Disease resistance protein (TIR-
NBS-LRR class), putative NA -1.93 NA NA 2.12 NA 3.21 NA 
Glyma.16G135500 
Disease resistance protein (TIR-
NBS-LRR class), putative NA -2.42 NA NA NA NA 2.35 NA 
Glyma.16G136600 
Disease resistance protein (TIR-
NBS-LRR class) family NA -1.90 NA NA NA NA 2.39 NA 
Glyma.16G136900 
Disease resistance protein (TIR-
NBS-LRR class), putative NA -2.09 NA NA NA NA 2.44 NA 
Glyma.16G137200 
Disease resistance protein (TIR-
NBS-LRR class), putative NA NA NA NA 2.67 NA 2.97 NA 
Glyma.16G137300 
Disease resistance protein (TIR-
NBS-LRR class), putative NA NA NA NA 1.66 NA 2.39 NA 
Glyma.16G136000 
Disease resistance protein (TIR-
NBS-LRR class), putative NA NA NA NA NA NA 2.52 NA 
Glyma.16G136200 
Disease resistance protein (TIR-
NBS-LRR class), putative NA NA NA NA NA NA 2.55 NA 
Glyma.01G027500 
Alpha/beta-Hydrolases superfamily 
protein NA NA -1.85 NA NA NA NA NA 
Glyma.01G011300 
Tetratricopeptide repeat (TPR)-like 
superfamily protein NA NA -1.52 NA -1.46 NA -1.76 NA 
Glyma.19G034900 
Pollen Ole e 1 allergen and extensin 
family protein NA NA NA NA -3.99 NA NA NA 
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The two candidate genes reported in the GWAS study are indicated in red. Induced genes are highlighted yellow while 
repressed genes are highlighted in blue.  
 
 
       Table 3: All genes in genomic regions in the six LD blocks detected by GWAS (N=96). 
Chromosome 
and peak 
SNP 
Genes in 
genomic region 
Protein 
Length 
(AA) 
Top 
Arabidopsis 
(TAIR10) 
BLASTP Hit 
Gene Ontology (GO) 
Biological Process IDs 
Gene Ontology (GO) Biological Process 
Descriptions 
Gm01: 
ss715578879 
Glyma.01G026800 409 AT1G10700.1 
GO:0006783 GO:0009116 
GO:0009165 
heme biosynthetic process; "nucleoside 
metabolic process"; "nucleotide biosynthetic 
process" 
Glyma.01G026900 66 AT1G24095.1 NA NA 
Glyma.01G027000 381 AT4G08770.1 
GO:0006979 GO:0009684 
GO:0042742 GO:0045926 
GO:0055114 
defense response to bacterium; "indoleacetic 
acid biosynthetic process"; "negative 
regulation of growth 
Glyma.01G027100 620 AT1G51940.1 
GO:0006468 GO:0007020 
GO:0016998 
Cell wall macromolecule catabolic process; 
"microtubule nucleation"; "protein 
phosphorylation" 
Glyma.01G027200 61 NA NA NA 
Glyma.01G027300 429 AT1G60780.1 
GO:0006810 GO:0006886 
GO:0016192 
intracellular protein transport; "transport"; 
"vesicle-mediated transport" 
Glyma.01G027400 392 AT1G70560.1 NA NA 
Glyma.01G027500 451 AT1G10740.4 GO:0006114 glycerol biosynthetic process 
Glyma.01G027600 236 AT4G39870.2 GO:0008150 biological process 
Glyma.01G027700 178 AT2G44820.1 GO:0008150 biological process 
Glyma.01G027800 472 AT1G70550.2 
GO:0008150 GO:0009736 
GO:0010413 GO:0045492 
 "cytokinin mediated signaling pathway"; 
"glucuronoxylan metabolic process"; "xylan 
biosynthetic process" 
Glyma.01G027900 462 AT3G26610. GO:0005975 carbohydrate metabolic process 
Glyma.01G028000 545 AT1G70530.1 
GO:0006468 GO:0009627 
GO:0031347 
Protein phosphorylation; "regulation of 
defense response"; "systemic acquired 
resistance" 
 
Gm01: 
Glyma.01G009500 232 AT1G32100.1 
GO:0009807 GO:0010413 
GO:0045492 
NA 
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ss715580883 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gm01: 
ss715580883 
Glyma.01G009600 271 AT5G45580.1 GO:0006355 regulation of transcription, DNA-dependent 
Glyma.01G009700 538 NA NA NA 
Glyma.01G009800 157 AT5G45590.1 GO:0006412 translation 
Glyma.01G009900 457 89.06 NA NA 
Glyma.01G010000 554 AT4G19010.1 
GO:0006914 GO:0008152 
GO:0009610 
autophagy; "metabolic process"; "response to 
symbiotic fungus" 
Glyma.01G010100 804 AT1G32090.1 GO:0008150 biological process 
Glyma.01G010200 408 AT1G32060.1 
GO:0000165 GO:0005975 
GO:0006098 GO:0006364 
GO:0006612 GO:0008152 
GO:0009058 GO:0009409 
GO:0009595  
MAPK cascade; "carbohydrate metabolic 
process"; "chloroplast relocation";  "defense 
response 
Glyma.01G010300 270 AT1G32050.1 
GO:0006944 GO:0015031 
GO:0016192 
cellular membrane fusion; "protein transport"; 
"vesicle-mediated transport" 
Glyma.01G010400 538 AT1G31970.1 GO:0001510 RNA methylation 
Glyma.01G010500 935 AT3G07040.1 GO:0006952 GO:0009626 Apoptotic_ATPase   
Glyma.01G010600 139 43.92 NA NA 
Glyma.01G010700 947 AT3G07040.1 GO:0006952 GO:0009626 Apoptotic_ATPase   
Glyma.01G010800 683 AT5G45610.1 GO:0006974 GO:0007050 
cell cycle arrest; "response to DNA damage 
stimulus" 
Glyma.01G010900 152 AT1G31940.1 NA NA 
Glyma.01G011000 85 NA NA NA 
Glyma.01G011100 387 AT4G19006.1 GO:0006511 GO:0030163 
protein catabolic process; "ubiquitin-
dependent protein catabolic process" 
Glyma.01G011200 861 AT1G31930.3 
GO:0006184 GO:0007165 
GO:0007186 GO:0007188 
GO:0009630 GO:0009652  
G-protein coupled receptor signaling pathway; 
"GTP catabolic process" 
Glyma.01G011300 606 AT1G31920.1 
GO:0008150 GO:0010075 
GO:0016556 
biological process; "mRNA modification"; 
"regulation of meristem growth" 
Glyma.01G011400 180 AT4G19003.1 GO:0016192 vesicle-mediated transport 
 
Glyma.01G011500 
 
 
 
522 
 
 
 
AT4G16070.1 
 
 
 
KOG2088 
 
 
Predicted_lipase/calmodulin-binding_heat-
shock_protein   
 
Gm10: 
Glyma.10G251700 303 AT1G11545.1 GO:0005975 GO:0006073 
Carbohydrate metabolic process; "cellular 
glucan metabolic process" 
Table 3: continued 
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ss715607743 
 
 
 
 
Gm10: 
ss715607743 
Glyma.10G251800 97 AT1G61780.1 GO:0008150 biological process 
Glyma.10G251900 306 AT4G02890.4 GO:0006464 GO:0006511 
cellular protein modification process; 
"ubiquitin-dependent protein catabolic 
process" 
Glyma.10G252000 489 AT4G03360.1 GO:0006289 nucleotide-excision repair 
Glyma.10G252100 374 AT4G05230.1 GO:0006289 nucleotide-excision repair 
Glyma.10G252200 306 AT1G61770.1 GO:0006457 GO:0030968 
endoplasmic reticulum unfolded protein 
response; "protein folding" 
Glyma.10G252300 383 AT4G21210.1 
GO:0000023 GO:0010103 
GO:0019252 GO:0019761 
NA 
Gm16: 
ss715624153 
Glyma.16G138000 372 AT4G36530.2 
GO:0000023 GO:0019252 
GO:0043085 
maltose metabolic process; "positive 
regulation of catalytic activity"; "starch 
biosynthetic process" 
Glyma.16G138700 330 AT2G18350.1 1.00E-60 Homeobox protein 33 
Glyma.16G138800 485 AT1G75220.1 
GO:0009694 GO:0009753 
GO:0010030 GO:0042593 
glucose homeostasis; "jasmonic acid metabolic 
process"; "positive regulation of seed 
germination" 
Glyma.16G138900 149 AT1G75220.1 
GO:0009694 GO:0009753 
GO:0010030 GO:0042593 
glucose homeostasis; "jasmonic acid metabolic 
process"; "positive regulation of seed 
germination" 
Cluster of 
NBS-LRR 
genes near 
ss715624153 
Glyma.16G135200 1059 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G135500 1048 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G135900 377 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G136000 1056 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G136200 957 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G136600 1404 AT5G18360.1 GO:0000166 GO:0017111  defense response; "signal transduction" 
Glyma.16G136900 908 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G137000 564 AT5G41750.2 GO:0000166 GO:0017111 defense response; "signal transduction" 
Glyma.16G137200 424 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G137300 1030 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
Glyma.16G137600 1080 AT5G17680.1 GO:0006952 GO:0007165 defense response; "signal transduction" 
 
Gm16: 
ss715624199 
 
Glyma.16G139800 568 AT1G12300.1 GO:0008150 biological process 
Glyma.16G139900 318 AT1G34060.1 NA NA 
Glyma.16G140000 212 AT2G38490.1 45.05 GO:0006468 GO:0007165 
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Gm16: 
ss715624199 
Glyma.16G140100 290 
AT4G33090.1 GO:0006094 GO:0006508 
GO:0007010 GO:0009926 
GO:0010359 GO:0010498 
auxin polar transport; "cytoskeleton 
organization"; "gluconeogenesis 
Glyma.16G140200 201 AT1G55520.2 100 GO:0006352 GO:0006355 GO:0006367 
Glyma.16G140300 297 AT4G36640.1 
GO:0006810 GO:0009611 
GO:0009805 
coumarin biosynthetic process; "response to 
wounding"; "transport" 
Glyma.16G140400 270 AT3G48880.2 GO:0008150 biological process 
Glyma.16G140500 118 AT5G66780.1 GO:0008150 biological process 
Glyma.16G140600 121 NA NA NA 
Glyma.16G140700 600 AT2G18470.1 
GO:0006468 GO:0009738 
GO:0009845 GO:0019722 
GO:0048364 GO:0051510 
Abscisic acid mediated signaling pathway; 
"calcium-mediated signaling"; "protein 
phosphorylation" 
Glyma.16G140800 463 AT3G50690.1 GO:0008150 biological process 
Glyma.16G140900 122 AT3G17130.1 NA NA 
Glyma.16G141000 496 AT2G18480.1 GO:0006810 GO:0055085 transmembrane transport; "transport" 
Glyma.16G141100 512 AT5G66730.1 
GO:0006355 GO:0009937 
GO:0010029 GO:0010431 
regulation of gibberellic acid mediated 
signaling pathway 
Glyma.16G141200 379 AT4G16580.1 NA NA 
Glyma.16G141300 541 AT4G36710.1 
GO:0006355 GO:0030154 
GO:0048831 
cell differentiation; "regulation of shoot system 
development"; "regulation of transcription 
Glyma.16G141400 151 NA NA NA 
Glyma.16G141500 339 AT4G36730.1 
GO:0006351 GO:0006355 
GO:0010310 GO:0010629 
GO:0090342 
negative regulation of gene expression; 
"regulation of cell aging" 
Glyma.16G141600 398 AT5G66710.1 GO:0006468 protein phosphorylation 
Glyma.16G141700 368 AT4G36810.1 GO:0008299 GO:0019761 
glucosinolate biosynthetic process; "isoprenoid 
biosynthetic process" 
Glyma.16G141800 377 AT2G18630.1 GO:0006499 N-terminal protein myristoylation 
Glyma.16G141900 64 NA NA NA 
Glyma.16G142000 60 NA NA NA 
 
Glyma.16G142100 
368 
 
AT2G23790.1 
GO:0008150 
 
biological process 
 
Gm19: 
ss715635697 
Glyma.19G034600 245 AT5G60910.1 
GO:0006355 GO:0009911 
GO:0010077 GO:0010154 
fruit development; "maintenance of 
inflorescence meristem identity"; "ovule 
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GO:0031540 GO:0048481 development" 
Glyma.19G034700 230 AT5G15790.2 NA NA 
Glyma.19G034800 292 AT2G42010.1 
GO:0008152 GO:0009816 
GO:0046686 
Defense response to bacterium, incompatible 
interaction; "metabolic process" 
Glyma.19G034900 341 AT5G15780.1 GO:0008150 biological process 
Glyma.19G035000 75 NA NA NA 
Glyma.19G035100 241 AT3G57600.1 
GO:0006355 GO:0010093 
GO:0048440 GO:0048507 
carpel development; "meristem development"; 
"regulation of transcription 
Glyma.19G035200 258 AT5G15780.1 GO:0008150 biological process 
Glyma.19G035300 299 AT1G72650.1 
GO:0000956 GO:0009651 
GO:0010048 GO:0045892 
GO:0046686 
negative regulation of transcription, DNA-
dependent; "nuclear-transcribed mRNA 
catabolic process" 
Glyma.19G035400 238 AT3G16240.1  AQP1 
 ATTIP2;1|delta tonoplast integral protein 
 
Glyma.19G035500 274 AT3G57600.1 
GO:0006355 GO:0010093 
GO:0048440 GO:0048507 
carpel development; "meristem development"; 
"regulation of transcription 
Glyma.19G035600 258 AT5G15780.1 GO:0008150 biological process 
Glyma.19G035700 278 AT5G13140.1 
GO:0000271 GO:0007389 
GO:0008150 GO:0008361 
GO:0009825 GO:0009926 
GO:0009932 
anthocyanin accumulation in tissues in 
response to UV light; "auxin polar transport" 
Glyma.19G035800 485 AT1G22380.1 GO:0008152 GO:0015824 UDP glucosyl_transferase   
Glyma.19G035900 295 AT3G42170.1 GO:0009791 post-embryonic development 
Glyma.19G036000 291 AT1G22360.2 GO:0008152 UDP glucosyl_transferase   
Glyma.19G036100 485 AT1G22380.1 GO:0008152 GO:0015824 UDP glucosyl_transferase   
Candidate genes reported in the GWAS manuscript are indicated in red. Some GOs have been shortened to fit better in the 
table. 
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